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Control of Hydrogen Sulfide from Groundwater Using Packed-Bed Anion Exchange 
and Other Technologies 
 
Camilo Romero Cotrino 
 
ABSTRACT 
 
 
Hydrogen sulfide imparts odors and taste to drinking water and can be corrosive 
to distribution systems. Groundwater sources used to produce drinking water tend to have 
sulfide concentrations ranging from below 0.1 to over 3 mg/L. Under anaerobic 
conditions, hydrogen sulfide can be formed from reduction of sulfate and elemental 
sulfur through chemical or biological reactions. Therefore, to decrease the potential for 
hydrogen sulfide in water systems, control of all forms of sulfur should be consistent.    
 
Hydrogen sulfide in groundwater can be controlled through conversion or 
removal mechanisms. Conversion reactions result from chemical or biological reactions 
that oxidize hydrogen sulfide to elemental sulfur or sulfate, depending on the reaction 
conditions. Removal reactions include stripping, anion exchange, or formation of a 
precipitate that can be removed through solid/liquid separation processes. 
 
 ix
In many groundwater treatment systems, hydrogen sulfide is controlled through 
aeration, chlorine oxidation, or a combination of these two methods. In addition to 
chlorine, other oxidizers can be used including hydrogen peroxide, UV, ozone, or 
potassium permanganate. The main factors that influence whether hydrogen sulfide is 
oxidized to elemental sulfur and/ or sulfate are pH, temperature, and the type and dose of 
oxidant.   
 
In recent years alternative treatments technologies such as anion exchange, have 
become available.  It is interesting to note that this technology was proposed as early as 
the middle of last century. Although large scale anion exchange has not been 
implemented, its application for the removal of hydrogen sulfide is feasible based on 
anion exchange principles. 
  
This research was designed to evaluate feasible options for controlling hydrogen 
sulfide from groundwater sources.  The feasibility of using anion exchange was 
investigated through pilot-scale testing of four groundwater sources. In addition, the 
performance of typical and alternative chemical oxidizers to control hydrogen sulfide was 
evaluated. 
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Introduction  
 
 
 The concentration of dissolved hydrogen sulfide in the Floridian aquifer ranges 
from less than 0.1 to over 3 mg/L (Dell’Orco et al. 1999). A major concern associated 
with the presence of hydrogen sulfide in potable water sources is that it can impart taste 
and odor to water and it also contributes to corrosion. The presence of hydrogen sulfide 
in groundwater is mainly due to the reduction of sulfate by anaerobic bacteria. Exposure 
to this gas at concentrations from 10 to 20 ppm can result in eye irritation and a sore 
throat.  Hydrogen sulfide gas can be fatal at concentrations over 700 ppm. 
  
 Reduced forms of sulfur in groundwater include: hydrogen sulfide, bisulfide, 
sulfide, and polysulfides.  The distribution of reduced sulfur species in groundwater 
depends on the pH.  For pH values below 6, non-ionized hydrogen sulfide is the 
predominant species. Typically, the pH of groundwater ranges between 6 and 8.  The 
non-ionized hydrogen sulfide decreases as the pH increases above the pK value of 7 to 
the point of being negligible at pH 8, and at the same time the concentration of ionized 
bisulfide increases up to 80%. The polysulfide concentration starts to approach 100% 
around pH 12. Between pH values of 12 and 14 polysulfide decreases at the same rate 
that ionized sulfide increases.  
 
 There are several approaches that can be used to control hydrogen sulfide in 
potable water. Conversion technologies involve chemical or biological oxidation of 
hydrogen sulfide to elemental sulfur or sulfate. Alternatively, treatments technologies can 
be designed to remove hydrogen sulfide through gas exchange or ion exchange. It is also 
possible to use a combination of conversion and removal by converting the dissolved 
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hydrogen sulfate to colloidal sulfur that can be removed through solid/liquid separation 
technologies. 
 
 The addition of chemical oxidizers results in an increase of the water oxidation 
potential that allows the transformation of the hydrogen sulfide to elemental sulfur or 
sulfate. The effectiveness of chemical oxidation of hydrogen sulfide is influenced by the 
pH, oxidizer oxidation potential, and temperature of the water source.  Typical oxidants 
include chlorine, oxygen, hydrogen peroxide, oxygen, ozone, and potassium 
permanganate.  
 
 Aeration takes advantage of the volatile nature of the hydrogen sulfide by 
displacing the gaseous form from water with air. This option is highly dependant on the 
pH because nonionized hydrogen sulfide is present in low percentages at typical 
groundwater pH ranges (Thompson et al. 1995). Decreasing the pH to 6 or less can 
increase aeration efficiency. However, the use of aerators may result in biological growth 
and also promote the formation of colloidal sulfur that increases turbidity and interferes 
with the effectiveness of disinfection.   
  
 Anion exchange is an alternative treatment approach that is effective for removing 
anionic forms of hydrogen sulfide. In addition, anion exchange technology is able to 
remove sulfate, reduce disinfection byproducts precursors, and decrease the chlorine 
demand in the effluent (Levine et al 2005). This was tested successfully in the removal of 
nitrate, arsenic, and organic matter (Liang et al 1999, Ghurye et al. 1999, Korngold et al. 
2001, and Bolto et al.2002). 
 
 Additional considerations, apart from a water quality perspectives, need to be 
analyzed when a hydrogen sulfide treatment is implemented. These considerations 
include land availability, proximity to neighborhoods, chemical delivery, implementation 
costs, and technical issues such a re-pressurization requirements. 
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             In this research, pilot tests of anion exchange packed-bed treatment systems were 
conducted to evaluate the removal of hydrogen sulfide from groundwater.  The feasibility 
of using chemical oxidation was also investigated. The results and discussion are given in 
two articles. In the first article, the application of anion exchange technology for the 
removal of hydrogen sulfide is presented. A comparison between the effectiveness of 
aeration, anion exchange, and the chemical oxidation using pilot tests is discussed in the 
second paper. 
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Objectives 
 
 
This project was conducted to evaluate the effectiveness of a bed-packed anion 
exchange for removal of hydrogen sulfide from groundwater, and to identify factors that 
affect process performance. Ion exchange was compared to more traditional hydrogen 
sulfide control technologies such as aeration and chemical oxidation. The specific 
objectives are listed below. 
 
1. Evaluate the effectiveness of a commercial strong base anion resin for removal of 
hydrogen sulfide from groundwater in west-central Florida.   
 
2.  Identify factors that impact the performance of anion exchange. 
 
3. Test the effectiveness of several chemical oxidants for the oxidation of hydrogen 
sulfide. 
 
4. Compare the effectiveness of aeration, anion exchange, and chemical oxidation 
for control of hydrogen sulfide based on water quality parameters.  
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Background  
 
 
 Development of optimum methods for control of hydrogen sulfide depends on 
water quality, site constraints, and cost.  In this section, background information related 
to the sulfur cycle, sulfur species in groundwater, and regulations is provided. 
Background information about the treatment options is also presented.  
 
 
Sulfur Cycle 
 
 
 Natural sources of sulfur exist in rocks and sediments. Biochemical reactions 
result in transformation of sulfur through different oxidation states.  According to 
Mardigan and Martinko (2005), only three sulfur oxidation states in nature are 
significant: 0 (elemental sulfur), -2 (hydrogen sulfide), and 6 (sulfate). Common sulfur 
species and their oxidation states are shown in Table 1.  
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Table 1. Oxidation States for Common Sulfur Compunds 
Compound Oxidation State 
Organic S (R-SH) -2 
Sulfide (H2S) -2 
Elemental sulfur (S0) 0 
Thiosulfate (S2O32-) +2 
Sulfur dioxide (SO2) +4 
Sulfite (SO32-) +4 
Sulfate (SO42-) +6 
Adapted from Mardigan and Martinko (2005) 
 
 
 Generation of hydrogen sulfide in groundwater is a product of biological sulfate 
reduction or the reduction of elemental sulfur (anaerobic respiration). Sulfate reduction is 
carried out by bacteria including Desulfovibrio and Desulfobacter.  Sulfate reduction 
reaction is shown in equation 1. Sulfate reduction can also be represented as part of the 
sulfur cycle (Figure 1). Microorganisms use assimilative metabolism to convert the 
elemental sulfur into an amino acid. Dissimilative metabolism produces hydrogen sulfide 
as the final product of the sulfate reduction. The reduction of elemental sulfur into 
hydrogen sulfide is an important process among the hyperthermophilic archaea, which 
are at an optimum at a temperature range between 65 and 110 °C (Mardigan and 
Martinko, 2005). Chemical sulfate reduction reaction is possible. However, this reaction 
is only possible at temperatures around 250 °C which makes it difficult to occur in 
groundwater systems that are only one or two centigrade degrees higher that the air 
temperature (Dohnalek and FitzPatrick, 1983). 
 
 
SO42- + 8H+ → H2S + 2H2O + 2OH-         (Equation 1) 
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Figure 1. Simplified Sulfur Cycle. Adapted from Sawyer et al (2003)   
  
 
Sulfide Species in Groundwater 
 
 
            The distribution of reduced sulfur species as a function of pH is shown in Figure 
2. Hydrogen sulfide is the only non-ionized sulfur species present in groundwater. It is 
the major species in water when the pH is less than 7. The ionic forms of sulfur species in 
groundwater are bisulfide (HS-) and sulfide (S2-) which are found in waters with pH from 
neutral to basic. Polysulfides are intermediate products formed through sulfate oxidation 
(Kotronarou and Hoffman, 1991). The most common polysulfide species are: tetrasulfide, 
and pentasulfide (O-Brien and Birkner, 1977).     
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Figure 2. Sulfate Species Distribution in Groundwater as Function of pH 
 
 
Regulations Pertaining to the Control Hydrogen Sulfide 
 
 
 Currently hydrogen sulfide in drinking water is not regulated directly. However, it 
is regulated in the Safe Drinking Water Act (SDWA) through secondary standards based 
on odor with a maximum contaminant level of 3 threshold odor units. In 2003, the 
Florida Department of Environmental Protection (FDEP) issued a new rule under chapter 
62-555.315(5) Control of Copper Pipe and Black Water. Under this rule, groundwater 
from new or altered wells that contains total sulfide levels above 0.3 mg/L cannot treated 
using only chlorine.  FDEP treatment recommendations related to the control of hydrogen 
sulfide as a function of concentration and pH are shown in Table 2. This rule does not 
obligate the utilities to apply the treatment solution proposed if they can demonstrate 
similar efficacy using an alternative treatment.  
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Table 2. FDEP Hydrogen Sulfide Treatment Recommendations 
Treatment Sulfide concentration range, mg/L pH 
Maximum 
Efficiency 
Chlorination < 0.3 Independent 100% 
Conventional Aeration 0.3 - 0.6 ≤ 7.2 40 – 50% 
Conventional Aeration plus pH 
adjustment 0.3 - 0.6 > 7.2 40 – 50% 
Forced Draft aeration 0.6 – 3 ≤ 7.2 90% 
Forced Draft aeration plus pH 
adjustment 0.6 – 3 ≤ 7.2 90% 
Packed tower plus pH adjustment > 3.0 Independent > 90% 
Adapted from FDEP Chapter 62-555.315(5) 
 
 
Treatment Options for Control Hydrogen Sulfide 
            
 
            Treatment options to control hydrogen sulfide can be divided into two groups: 
conversion and removal options. Conversion technologies are based on transformation of 
the sulfide into another more oxidized form through the use of chemicals or biological 
reactions. Removals options consist of the removal of sulfide as a gas, solid, or liquid 
(Levine et al. 2005). Those include aeration (Dell’Orco, et al. 1998, Wells, 1954), 
microfiltration (Thompson et al. 1995), and anion exchange (Levine et al. 2005, 
Thompson and McGavey, 1953). It is possible to use a combination of those options i.e., 
aeration followed by chlorination without filtration, which is used widely in the US (Lyn 
and Taylor 1991) or oxidation followed by filtration and chlorination (Levine et al, 
2004).  
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Conversion Options  
 
 
            Conversion reactions result in the transformation of the hydrogen sulfide to a 
more oxidized form of sulfur. These oxidized species include sulfate and elemental 
sulfur. The effect of the oxidizer can be explained using a predominance area diagram for 
sulfur species (Figure 3). The addition of the oxidizing agent increases the oxidation 
potential and promotes the formation of elemental sulfur or sulfate. Chemical oxidation is 
one of the most common options to control H2S. The main advantages for chemical 
oxidation are minimal space requirements, in-line operating, and oxidants can serve as 
disinfectants. Typical oxidants include chlorine, oxygen, hydrogen peroxide, ozone, 
ferrate, and potassium permanganate. Products depend on pH, reaction rates, and 
chemical equilibrium (Levine et al. 2005, Lyn and Taylor 1991, Dohnalek and 
FitzPatrick 1983).  
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Chlorine Oxidation 
 
 
            Chlorine can oxidize hydrogen sulfide and act as a disinfectant. Black and 
Goodson (1952) described the stoichiometric equation that represents the reaction 
between hydrogen sulfide and chlorine (Equations 2 and 3). The chemical reaction is 
highly dependant on pH, and temperature.  From the stoichiometric reaction, conversion 
of 1 mg of H2S to elemental sulfur requires 2.08 mg Cl2 whereas 8.33 mg of Cl2 are 
needed to form sulfate. The initial reaction between chlorine and sulfides is fast and 
typically the chemical equilibrium is reached within 5 minutes (Cadena and Peters 1988). 
However, complete transformation to sulfate or elemental sulfur requires higher chlorine 
doses because of the possible chlorine reactions with other compounds present in the 
water. Concerns about using chlorine include the potential to form disinfection 
byproducts (Dohnalek and FitzPatric, 1983) with the additional potential for sulfur 
turbidity formation (Lyn and Taylor, 1991). 
 
 
H2S + Cl2 → S0 + 2HCL                              pH<8       (Equation 2) 
H2S + 4H2O + 4Cl2 → H2SO4 + 8HCL        pH>8       (Equation 3) 
 
 
            Levine et al. (2005) observed an important increment in the turbidity once the 
chlorine demand was satisfied. For pH levels between 7.5 and 8.5 the turbidity increased 
with contact time. Sulfide turbidity is produced at all pH higher than 3.8, this turbidity 
can not be removed with an increment in surface loading rates, decrease in chlorine 
dosages, or increments in the contact time (Lyn and Taylor, 1991). In waters with high 
hydrogen sulfide concentrations (20 – 30 ppm) treated using aeration followed by 
chlorination “milky” water is observed (Foxworthy and Gray 1958, and Schiller 1955). 
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Hydrogen Peroxide 
 
 
            Hydrogen peroxide is a powerful oxidant. Its oxidation potential is 1.78 V. The 
oxidation of hydrogen sulfide reaction is dependant on pH. If the pH is below 8, the final 
product of the reaction of hydrogen peroxide and hydrogen sulfide is elemental sulfur, 
whereas, at pH levels above 8 in basic solution the product is sulfate (Dohnalek and 
FitzPatric, 1983). The effect of the addition of hydrogen peroxide can be understood 
using Figure 3. The stoichiometric reactions that describe hydrogen peroxide oxidation of 
hydrogen sulfide are shown in Equations 4 and 5.   
 
 
H2S + H2O2 → S0 + 2H2O                  pH< 8           (Equation 4) 
H2S + 4H2O2 → SO42- + 4H2O + H+   pH>8            (Equation 5) 
 
 
 
            According to Hoffman (1977) the optimal dosage of hydrogen peroxide is equal 
to two times the hydrogen sulfide concentration. The reason for this excess is to 
compensate for hydrogen peroxide decomposition if the pH< 8.  The main advantages of 
the use of hydrogen peroxide are: the end products of the reaction are oxygen and water, 
its liquid nature, and it does not produce corrosion or toxic fumes. According to Cadena 
and Roberts (1988), the reaction between hydrogen peroxide and sulfides is slow (0.120 
1/min) in comparison with chlorine or potassium permanganate which provides an 
extended sulfide protection.  
 
            In a study conducted using hydrogen peroxide and chlorine in a two stage process, 
Levine et al. (2005) found 50 to 70% of the hydrogen sulfide was oxidized within three 
minutes at ambient temperatures and pH levels from 7.5 to 8.3.  Excess hydrogen 
peroxide was consumed by the chorine in the second stage of the process and generation 
of turbidity decreased with increasing pH.       
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Ozone 
 
 
            Ozone is a strong oxidant with an oxidation potential equal to 2.07 V. It is 
between the strongest oxidizer (hydroxyl radical) and hydrogen peroxide. It is widely 
used as disinfectant and can aid in the reduction of taste and odors problems. The 
stoichiometric reactions that describe ozone oxidation of hydrogen sulfide are shown in 
Equations 6 and 7. The ozone demand may be higher than the stoichiometric 
requirements because of the presence of other reduced compounds (Crittenden et al. 
2005). The major advantage of the ozone is that no residual products are associated with 
its use (Dohnalek and FitzPatrick, 1983). 
 
 
H2S + O3 → S0 + O2 + H2O                     (Equation 6) 
S2- + 4O3 + 4H2O → SO42- + 4O2            (Equation 7) 
 
 
Potassium Permanganate 
 
 
            According to stoichiometric reactions, the dosages of potassium permanganate 
necessary to oxidize hydrogen sulfide are 3.09 and 12.39 mg/ mg H2S and to form 
elemental sulfur or sulfate respectively. Overdose imparts pink color to the water and can 
cause formation of black deposits in the water distribution systems and in-house 
plumbing fixtures. Stoichiometric reactions between potassium permanganate and the 
hydrogen sulfide are given in Equations 8 and 9.  
 
3H2S + 2KMnO4 → 3S0 + 2H2O + 2MnO2 + 2KOH          pH<7.5   (Equation 8) 
3H2S + 8KMnO4 → 8MnO2 + 3K2SO4 + 2H2O + 2KOH   pH>7.5   (Equation 9) 
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Removal Options 
 
 
            Removal options are able to withdraw hydrogen sulfide from the aqueous phase 
using physical and/or chemical reactions. It is possible to remove hydrogen sulfide in 
gaseous, liquid, or solid from the water matrix. Aeration and anion exchange are 
discussed in this section.  
 
 
Aeration  
 
 
            Aeration is a common option used to treat groundwater sources that contain 
hydrogen sulfide. It is also used to remove other volatile constituents such as carbon 
dioxide, organics, and methane (Crittenden et al. 2005 and Schiller 1955). Aeration also 
serves to oxidize reduced iron. In addition to volatilization, dissolved oxygen can act to 
oxidize hydrogen sulfide or serve as an electron acceptor for microbial sulfur oxidation 
(Levine, 2005). As a result of aeration, nuisance odors are generated and scrubbers may 
be needed if aeration towers are near to residential neighborhoods (Thompson et al. 1995 
and Jewell 2002). In general, aerators promote the growth of microbial colonies, and may 
result in increased turbidity (Dell’Orco et al. 1998).  
 
            The efficiency of hydrogen sulfide removal through aeration depends on the pH 
of the influent (Figure 1). Nonionized hydrogen sulfide is present in high percentages in 
groundwater sources with a pH less than 7. The ionized sulfide fraction is not susceptible 
to removal using aeration. To increase the overall process efficiency the pH should be 
reduced to 6 (Dell’Orco et al 1998, Thompson et al. 1995). Duranceau et al. 1999 found 
an increment in the efficiency from 70% to 95% in packed towers when the pH was 
decreased to 6.  However, high removals of hydrogen sulfide can be achieved without pH 
reduction, because of the presence of sulfide oxidizing bacteria in the aerators (Jewell, 
2002). A problem associated with the presence of these microbial populations is turbidity 
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formation that may decrease disinfection effectiveness (Dell’Orco et al 1998). Other 
important factors that impact the aeration efficiency include: temperature, air-water ratio, 
and the type of aerator (Levine et al. 2005).  
 
            According to the method of gas introduction, aeration systems can be divided 
into: spray aerators, natural convection, induced draft, and forced draft. Typical aerators 
used to control hydrogen sulfide are compared in Table 3. 
 
 
Table 3. Main Characteristics of Aerators Using to Control Hydrogen Sulfide 
Type Method of gas introduction 
Hydraulic 
head 
required, ft 
Air to 
water 
ratio 
Hydraulic 
loading 
Practical 
efficiency* Problems 
Spray aerator Natural convection 5 – 25    
Large 
installations, 
weather  
Spray Tower Forced draft 5 – 25   50 -70%  
Packed Tower Forced draft 10 – 40 80-120 to 1 
25 – 30 
gpm/ft2 50 – 90%  
Multiple Tray Natural or forced daft 5 -10 
30–80 
to 1 
7 – 15 
gpm/ft2 30 – 50% Ventilation 
Conventional 
aerator with 
forced draft 
  12-16 to 1 
7 – 15 
gpm/ft2 50 – 70%  
Adapted from Levine et al. 2005 and Crittenden et al. 2005 
* Efficiency is affected by pH and temperature  
 
 
            Usually chlorine is used to complete the oxidation of sulfides and to disinfect the 
water. According to Sheppard et al. 1948, aeration in combination with pH adjustment is 
not able to achieve 100% removal.  
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            Possible problem associated with the use of aerators is the depressurization of the 
system that requires re-pressurization to re-introduce water into the system. The use of 
aeration could be a problem in places where the well extraction rates are not constant and 
limited space is available to accommodate the equipment (Levine, 2005). 
 
 
Anion Exchange 
 
 
            Ion exchange technology is based on the reversible interchange of ions with other 
ions of similar charge from a solid phase (resin) to aqueous phase (Crittenden et al. 
2005). Ion exchange resins can be divided into cationic and anionic resins. Cationic 
resins are subdivided into strong acid or weak acid, while anionic resins are classified as 
either strong base or weak base. Those divisions are based on the functional group linked 
to the resin backbone (Crittenden et al. 2005). In the case of strong base resin, these can 
be divided into two types: type I and type II. Type I has three methyl groups, and type II 
has two methyl groups and one ethanol group. A comparison of resin characteristics is 
shown in table 4. The exhaustion point of the resin is reached when the influent is in 
equilibrium with the complete bed (Liang et al. 1999).  An electron micrograph of a 
surface of a strong base resin is shown in Figure 4. 
 
 
Table 4. Anionic and Cationic Resin Characteristics 
Resin Regenerant pK Capacity, meq/mL
Strong-base anion, type I Cl- or OH- > 13 1 – 1.4 
Strong-base anion, type II Cl- or OH- > 13 2 – 2.5 
Weak-base anion OH- 5.7 – 7.3 2 – 3 
Strong-acid cation H+  or Na+ <0 1.7 – 2.1 
Weak-acid cation H+ 4 – 5 4 – 4.5 
Adapted from Crittenden et al. 2005 
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Figure 4. Surface Strong Base Resin Micrographs 
 
 
             The main advantages of the use of anion exchange are: operation with demand of 
the system, short contact time, zero level of contaminant is possible, variety of resins, and 
the reuse of regenerant (Clifford, 1999). The main disadvantages are: high concentrations 
of sulfate that can interfere with the removal of the target anion, and a brine waste stream 
is generated (Clifford 1999, Bae et al. 2002, Liang et al. 1999, and Korngold et al. 2001). 
 
 The most important characteristics of anion exchange resins are: exchange 
capacity, selectivity or preference, swelling, moisture content, density, and particle size. 
Those characteristics are reflected in the resin performance. Exchange capacity is defined 
as the total number of ions per resin volume. It can be expressed as total capacity or 
effective or operating capacity. The total capacity is defined in terms of the total 
exchangeable counter ions. 
 
 Anion exchange resins do not exchange different ions at the same rate. According 
to Waxhiski and Etzel (1997), the preference of the resin for certain anions depends on: 
the ion valence and atomic weight. The selectivity of anions for strong base resins are: 
PO43- > SO42- > HAsO42- > NO3- > Cl- (Crittenden et al. 2005 and Ghurye et al. 1999). 
This means that sulfate is preferred over the majority of anions listed. However, some 
resins do not follow the selectivity sequence (Liang et al. 1999). 
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           The particle size of the resin is a very important parameter because it influences 
the available surface, the kinetics and hydraulic of the system. The inverse of the 
diameter is directly proportional to the rate of exchange. The particle size range varies 
from 1.2 to 0.04 mm. Higher head loss is associated with small particles. It makes more 
difficult pass the water through the bed (Waxhiski and Etzel 1997). 
  
 After breakthrough occurs, regeneration of the resin is required. Regeneration 
consists of the following steps: backwash, brining, and rinse (slow and fast). The purpose 
of the backwash is to remove all suspended material retained during the operation and 
reclassify the resin in the column through the media expansion, which is between 50 and 
70%. The majority of the problems in ion exchangers are associated with an insufficient 
backwash (Wachinski and Etzel 1997). The average duration of the backwash ranges 
between 5 and 15 minutes. The purpose of the brining process is to allow the interchange 
of ions that accumulate in the resin during the normal operation and the ions in the 
aqueous phase.  
 
 Currently the main anion exchange applications include: arsenic (Korngold et al. 
2001, Kim and Bejamin 2004, and Ghurye et al. 1999), nitrate (Liang et al. 1999, 
Namasivayam and Höll 2005, and Bae et al. 2002), and organics (Fetting 1999, Kim and 
Symons 1991, and Bolto et al. 2002). Other applications include the removal of cadmium 
(Zhao, et al. 2002), reactive dyes (Karcher et al. 2002), and hydrogen sulfide (Thompson 
and McGravey 1953 and Levine et al. 2005). 
 
            The application of anion exchange technology for the removal of Natural Organic 
Matter (NOM) has shown very impressive results. According to Feting (1999) the 
percentage of non removable NOM ranges between 10-40%, and it out performs the 
results obtained from activated carbon systems (Afcharian et al 1997). Kim and Symons 
(1991) studied the removal of trihalomethane (THM) precursors using anion exchange 
technology. They found that the fraction with apparent molecular weigh less than 0.5 
produced most of the THMs in presence of chlorine. At the same time, the removal of 
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this fraction using anion exchange ranged from 20% to 25% after the sulfate 
breakthrough. As a consequence they recommended the measurements of the sulfide to 
determine its breakthrough.  
 
            Pilot test studies allow the evaluation and compare resin performance in terms of 
capacity and regeneration. It is possible design full scale systems if the loading rate and 
empty contact time at the same. (Crittenden et al. 2005). This type of test is able to 
answer the majority of the design questions in a fast and inexpensive way (Wachinski and 
Etzel, 1997). 
 
            All technologies options presented in this section are able to control the presence 
of hydrogen sulfide from groundwater sources. However, comparative advantages among 
the options in terms of water quality, current regulations, practical issues, cost, and size 
constraints impacts the selection of the right alternative. 
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Abstract: The presence of hydrogen sulfide in potable water can result in taste, odor, and 
corrosion problems. Typical approaches for controlling hydrogen sulfide include 
oxidation and aeration. The effectiveness of these treatment options depends on the 
concentration of hydrogen sulfide, and the pH. The use of packed bed anion exchange 
allows for removal of the anionic forms of hydrogen sulfide and has the added advantage 
of controlling other anionic constituents in water such as organics, sulfates, and 
particulate matter. 
 
The efficacy of using a packed-bed anion exchanger for the treatment of groundwater 
was evaluated in this study. Pilot scale tests were conducted at four well sites in west-
central Florida over a four month period. Hydrogen sulfide concentrations among the 
wells varied from 1 to 2.5 mg/L as S2-. Sulfate concentrations varied from 1 to 40 mg/L 
and total organic carbon (TOC) varied from 1 to 3 mg/L. The capacity of the anion 
exchange system for removal of sulfide was evaluated. Anion exchange is effective for 
the removal of hydrogen sulfide and other anions from groundwater. 
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Introduction 
 
 
 The presence of hydrogen sulfide in groundwater results in undesirable 
characteristics including an offensive odor, metal corrosion, and high chlorine demand. 
Control of hydrogen sulfide is typically accomplished by a combination of oxidation 
and/or aeration (Sammons 1959, Sheppard and von Lossberg 1948, Lyn and Taylor 1991, 
and Dell’Orco et al. 1998). Microfiltration (Thompson et al., 1995), biological oxidation, 
and anion exchange (Levine et al., 2005) are possible treatment alternatives for 
controlling hydrogen sulfide. 
 
            In the 1950’s, anion exchange technology for the removal of hydrogen sulfide 
was proposed (Thompson and McGarvey, 1953). However, limited information on the 
use of anion exchange has been reported. The objectives of this paper are: evaluate the 
effectiveness of bed-packed anion exchange for removal of hydrogen sulfide, and to 
identify factors that influence resin capacity for the removal of hydrogen sulfide from 
groundwater.  
   
 
Background  
 
 
 The possible treatment technology to control the presence of hydrogen sulfide in 
groundwater sources should count the current regulation and if it is possible it should be 
able to anticipate its possible changes in the future. At the same time it is important to 
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recognize the limiting factors that affect the performance of each technology. In this 
sections a review of the current regulation, factors that influence treatment options and 
anion exchange technology are discussed. 
 
 
Regulations   
 
 
 Hydrogen sulfide is not directly regulated under the Safe Drinking Water Act. 
However, odor and taste are the secondary standards that indirectly control the presence 
of hydrogen sulfide in water. Additionally, the promulgation of the Stage 2 Disinfectant 
and Disinfection Byproducts rule (USEPA, 2006) will have an indirect impact on the 
control of hydrogen sulfide. The possible impact of the stage 2 rule is based on the co-
occurrence of the hydrogen sulfide and organics in groundwater sources. Although the 
stage 2 does not decrease the maximum contaminants levels, it became stricter in 
sampling. Now sampling points of a system are considering as individual points instead 
systemwide. It may limit the use of chlorine as oxidizer to control hydrogen sulfide in 
presence of organic matter in groundwater.      
 
            In addition, the Florida Department of Environmental Protection (FDEP) issued a 
new rule under chapter 62-555.315(5) in 2003 concerning the control of total sulfide in 
groundwater sources. Recommendations about the possible treatment options are based 
on the pH and the total sulfide concentration (Table 5). 
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Table 5. Possible Treatments Options to Control the Presence of Hydrogen Sulfide (FDEP 
chapter 62-555.315(5)) 
Treatment Sulfide concentration range, mg/L pH 
Maximum 
Efficiency 
Chlorination < 0.3 Independent 100% 
Conventional Aeration 0.3 - 0.6 ≤ 7.2 40 – 50% 
Conventional Aeration plus pH 
adjustment 0.3 - 0.6 > 7.2 40 – 50% 
Forced Draft aeration 0.6 – 3 ≤ 7.2 90% 
Forced Draft aeration plus pH 
adjustment 0.6 – 3 ≤ 7.2 90% 
Packed tower plus pH adjustment > 3.0 Independent > 90% 
Adapted from FDEP Chapter 62-555.315(5) 
 
 
 Influencing Factors on Treatment Options 
 
        
           Treatment options for the control of hydrogen sulfide can be divided into removal 
and conversion options. Removal options consist of the withdraw the dissolved hydrogen 
sulfide from the aqueous phase using physical and chemical reactions. Conversion 
options transform the hydrogen sulfide into elemental sulfur or sulfate through the use of 
chemical oxidizers and/or biological activity. The most common treatment technologies 
and the factors that influence the efficiency for each type of treatment are summarized in 
Table 6. 
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Table 6. Treatment Options and Influencing Efficiency Factors 
Treatment option Influencing factors 
Removal  
     Aeration pH, temperature, air flowrates, and air to water ratio 
     Anion Exchange pH, temperature, resin properties, competing anions 
Conversion  
      Chemical oxidation pH, temperature, chemical dosage, reaction time, oxidant demand 
      Biological sulfide oxidation pH, temperature, dissolved oxygen, reaction time, microbial activity 
Conversion and removal   
      Oxidation and filtration Particle size, turbidity, filtration 
       Chemical precipitation pH, temperature, chemical dose, particle size, filtration parameters 
 
 
 
            The most important factor that affects the control of hydrogen sulfide is the sulfur 
species distribution as a function of the pH which is shown in Figure 5. The only portion 
of the sulfur species susceptible to removal by aeration is non-ionized hydrogen sulfide 
which is abundant at pH < 6. To increase the efficiency of the aeration process, a 
decrease in the pH to 6 is required.  
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Figure 5. pH Impacts in the Aeration and Anion Exchange Technologies 
 
 
 
Anion Exchange 
 
              
            The major applications of the anion exchange for drinking water are: removal of 
arsenic, nitrate, and organics (Korngold et al 2001, Ghurye et al. 1999, Jaeshim and 
Benjamin 2004, Liang et al. 1999, and Bolto et al. 2002). Other applications include 
removal of cadmium (Zhao et al. 2002), reactive dyes (Karcher et al. 2002), and 
hydrogen sulfide (Thompson and McGarvey, 1953).  
             
          Ion exchange resins consist of a crosslinked polymer with functional groups 
attached to the resin backbone. For anion exchange those functional groups are: 
quaternary amine and tertiary amine for Strong Base Anion (SBA) and Weak Base Anion 
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(WBA) respectively.  It is possible to replace of one methyl group to an ethanol group in 
quaternary amine in the SBA resin. This type of SBA resin is called Type II, and the 
purpose of this replacement is the reduction of the resin’s affinity for the hydroxide ions. 
(Crittenden et al. 2005). Type I conserves the original amine structure. 
 
              It is possible to apply anion exchange technology for the removal of hydrogen 
sulfide since the anionic form of the sulfides is the most common form at typical 
groundwater pH. Ionized sulfide range is between 50% and more than 80% for a pH 
between 7 and 8 (Figure 6). In addition, anion exchange has provided excellent results in 
the removal of other constituents such as color and organic matter. According to Fettig 
(1999) and Liang (1999), the range of natural organic matter removal for ion exchange is 
a range between 60 and 90 percent.  
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Figure 6. Theoretic Sulfur Species Distribution in Function of the Water pH 
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            The removal of the dissolved anions is affected by several factors such as initial 
anionic concentration and SBA resin preference (Liang, et al. 2005). According to 
Crittenden et al. (2005) and Liang et al. (1999), the valence, atomic weight, and 
molecular radii are the most important characteristics that define the preference of the 
Strong Base Anion resin for some anions. The selectivity coefficient is equal to the 
equilibrium constant of the reversible binary stoichiometric reaction between the ions 
exchangeable in the resin and aqueous phase (Equations 10 and 11) (Ghurye et al. 1999). 
Selectivity coefficients of the different anions for SBA resin are listed in Table 7. The 
resin preference is proportional to the value of selectivity.  
 
 
ABBA +→+                                      (Equation 10) 
BA
ABB
A Cq
CqK =                                                          (Equation 11)                                     
 
Where:  
B
AK = Selectivity coefficient for ion B exchanging with ion A onto resin 
Bq  = Resin-phase concentration of ion B (eq/L) 
AC = Aqueous-phase concentration of ion A (eq/L) 
Aq  = Resin-phase concentration of ion A (eq/L) 
BC = Aqueous-phase concentration of ion B (eq/L) 
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Table 7. SBA Resin Selectivity 
Anion Selectivity 
HCO3- 0.4 
CH3COO- 0.2 
SO42- 0.15 
F- 0.1 
OH- 0.06 
CO32- 0.03 
HPO42- 0.01 
Adapted from Crittenden et al. (2005) 
 
 
            Complete mixed reactors and packed bed are the two types of applicable anion 
exchange configuration. However, there are some concerns about the use of complete 
mixed reactors for groundwater applications. The main disadvantages of the complete 
mixed reactors are: continued waste generation, space constraints, re-pressurization, and 
the need for possible filtration. In contrast, packed- bed does not have any of those 
problems. The most important advantage of the packed-bed columns is that it decreases 
the net of sulfur species in the water matrix. A re-equilibration between non-ionized and 
ionized sulfide is promoted after the first sulfide exchange. This cycle is continuous and  
allows for the rapid decrease of the hydrogen sulfide in the effluent.  
 
 
Materials and Methods   
 
 
 During this project, pilot columns with a SBA resin were using to evaluate the 
effectiveness of bed-packed anion exchange in the removal of hydrogen sulfide. In this 
section the resin characteristics, pilot test, and source water quality is provided.   
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Strong Base Anion Resin 
 
   
              The resin used is a commercial macrosporous strong base anion exchange 
(Tulsion® A-72 MP (Cl-)). A summary of the main resin characteristics is presented in 
Table 8.   
 
 
Table 8. Tulson® A-72 MP Resin Characteristics 
Parameter Characteristic or Value 
Matrix Structure Cross linked polystyrene 
Physical form Moist spherical beads 
Particle size 0.3 to 1.2 mm 
Moisture (approx.) 58% 
Solubility Insoluble in all common solvents 
Backwash settled density 42 to 45 lbs/ft3  (670 to 720 g/l) 
Temperature stability (max) 195˚F (90˚C) 
pH range 0 to 14 
Ionic form Chloride 
Functional group Quaternary ammonium Type I 
Total exchange capacity 1.0 meq/Ml 
Swelling (approx.) Cl- to OH- 21% 
Adapted from Tulson® A-72 MP Brochure 
 
 
Pilot Scale Test 
 
 
 Pilot scale tests were conducted using plexi-glass packed-bed columns (2 inch 
diameter) designed to accommodate 0.065 ft3 of resin with a bed-depth of 3 ft and a 
freeboard of 18 inches (Figure 7). The pilot system was operated at empty bed contact 
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time (EBCT) between 0.07 and 0.27 minutes, surface loading rate equal to 6 gpm/ft2, Bed 
Volume (BV)  equal to 0.486 gallons,  and a volumetric loading of 2.0 gpm/ft3. 
 
 
 
 
Figure 7. Anion Exchange Column Photographs. a) Control Panel Allows the Operation of 
all Anion Exchange Cycles; b) Anion Exchange Overall View 
 
 
Anion exchange columns were operated with or without air between 2 and 8 gph 
and at pressures ranging from 12 to 15 psi. The columns were operated in consort with 
well pumps which turn on in response to pressure demand within the distribution system. 
The connection between the well pump and the AE column was made using a ½” garden 
hose. The capacity of the resin was tested with the volume of untreated water that the 
resin was able to treat before sulfide breakthrough.  
 
Untreated water and the AE effluent were monitored regularly.  The tests 
conducted and method detection limits are given in Table 9. All sample containers were 
submerged in nitric acid bath at 1% for at least 24 hours, rinsed with Nanopure™ water 
and then sampled. Hydrogen sulfide measurements were conducted using a flowing 
sample device with a submerged sample port. Tests were conducted directly in the field 
(pH, conductivity, temperature, hydrogen sulfide, dissolved oxygen, chlorine demand, 
a b
Influent 
Effluent 
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and oxidation reduction potential) and at the University of South Florida (USF) 
environmental engineering laboratory (sulfate, chloride, alkalinity, UV-254 absorbance, 
and Total Organic Carbon (TOC)). Glass bottles were used to transport samples for TOC 
and UV-254 absorbance tests. Other samples were transported in plastic bottles to the 
laboratory. A summary of water quality test is presented in Table 5.  In addition samples 
for the Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy 
(EDS) analysis were taken. The samples were preserved in a 2.5% glutaraldehyde 
solution for a minimum of 24 hours. Particulate matter was concentrated by filtration 
through a 47 mm nylon filter with a pore size of 0.1µm. Samples were dehydrated using a 
graded series of ethanol (30%, 50%, 70%, 95%, and 100%). Finally, samples were 
decanted off and dried overnight at 50°C.   
 
A chlorine demand test was also conducted. This test can be used as an indirect 
measurement of oxidizing material available in the water source (Standard Methods, 
1998). The test was conducted in all wells on two different days. The contact time used to 
carry out this test was 30 minutes. An initial chlorine concentration added to the raw 
water was 30 mg/L and 10 mg/L as Cl2 to the anion exchanger effluent. 
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Table 9. Summary of the Analytical Methods Used for Water Analysis 
Test 
Field or 
Laboratory 
 
Method Reference Number Detection Limit 
Hydrogen 
Sulfide Field 
4500-S-2 D Methylene Blue Method; HACH 
Portable Spectrophotometer DR/2400 0.1 mg/L as S 
Sulfate Lab-Field 
4500 SO4-2 E. Turbidimetric Method; HACH                     
Spectrophotometer DR/4000 
 
0.1 mg/L as 
SO42- 
Chloride Lab 4500 Cl Argentometric titration 1 mg/L 
Total Organic 
Carbon Lab 
5310C Persulfate-Ultraviolet Oxidation Method;                   
Sievers 800 TOC analayzer 0.05 mg/L 
pH Field HACH Platinum pH Electrode, Model 51910 HACH Portable Multiparameter Meter Sension 156 0.01 pH units 
Temperature Field HACH Platinum pH Electrode, Model 51910 HACH Portable Multiparameter Meter Sension 156 
0.01 ° C 
 
Conductivity Field HACH Conductivity Probe, Model  51975-03 20 µS/cm 
Dissolved 
Oxygen Field 
4500- O G. Membrane Electrode Method. WTW Oxi 3000 
 0.01 mg/L 
Oxidation 
Reduction 
Potential 
Field 
2580 B. Oxidation-Reduction Potencial Measurement in Clean 
water; HACH Pocket Pal ™ ORP 
 
1 mV 
Alkalinity Lab 2320B Tritation/Bromocresol green methyl red 
20 mg/L as 
CaCO3 
 
Total Chlorine Field 4500- Cl G Colorimetric Method; HACH                        Spectrophotometer DR/4000 
0.01 mg/L as 
Cl2 
 
Turbidity Field 2130B Nephelometric Turbidity; HACH Turbidimeter 2100N  
0.01 NTU 
 
UV-254 
Absorbance Lab 
5910 B. Ultraviolet Absoption Method; HACH 
Spectrophotometer DR/4000 
 
0.001 cm-1 
 
 
 
Once breakthrough of hydrogen sulfide in the effluent occurs regeneration of the 
column is required. Columns were regenerated using a brine solution of 15% salt. The 
regeneration process consisted of six steps: Backwash, Drain Down, Brine, Drain Down, 
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Slow Rinse, and Fast Rinse as defined in Table 10. An extended contact time (more than 
12 hours) between a SBA resin and the brine solution was allowed.  
 
 
Table 10. Regeneration Steps 
Step Duration (min) Flow rate (gph) 
Backwash 10 4 
Drain down Variable Variable 
Brine exposures 720  or extended  None 
Drain down Variable Variable 
Slow rinse 25 1.2 
Fast rinse 10 8 
 
 
 
Source Water Quality   
 
 
 A summary of water quality for raw water from four wells is given in Table 11. 
The values in this table correspond to the averages obtained during the summer-fall of 
2005 at four well sites.   
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Table 11. Overview of Variable Tested in the Project 
Well A 
Average 
(Range) 
B 
Average 
(Range) 
 
C 
Average 
(Range) 
 
D 
Average 
(Range) 
 
Anions     
    Sulfur Species     
          Sulfide (mg/L as S2-) 2.64 
(2.03- 3.23) 
1.64 
(1.34 – 2.45) 
1.07 
(0.82 – 1.51) 
0.94 
(0.56 – 1.23) 
           Sulfate (mg/L as SO42-) 37.38 
(26.0 – 49.7) 
7.27 
(UDL* – 18.6) 
14.75 
(0.7 -  79) 
1.08 
(UDL* – 3.2) 
     Chloride (mg/L as Cl-) 14.67 
(10.09-28.44) 
14.67 
(10.09 -  28.44) 
24.47 
(10.09 – 46.70) 
14.62 
(8.17 - 21.65) 
     TOC (mg/L) 2.78 
(1.5-6.87) 
2.68 
(1.73-3.46) 
2.37 
(1.49-2.61) 
3.08 
(2.79-3.35) 
     UV-254 Absorbance (cm-1) 0.09 
(0.03-0.13) 
0.08 
(0.07-0.14) 
0.12 
(0.04-0.12) 
0.10 
(0.04-0.13) 
  Alkalinity (mg/L as CaCO3) 163.5 
(100 – 250) 
180.3 
(100 -  260) 
180 
(120 – 190) 
147.88 
(30 – 250) 
Exchangeable characteristics     
     Exchangeable Anions (meq/L)+ 5.56 4.59 3.88 3.99 
     H2S/ Exchangeable Anions+ (0.03-0.04) 0.02 0.02 0.01 
Other Characteristics     
     pH 7.39 
(6.79 – 7.55) 
7.35 
(6.58 – 7.52) 
7.38 
(7.2 – 7.63) 
7.44 
(6.03 – 7.61) 
     Temperature (˚ C) 23.70 
(11.7 – 27.1) 
23.4 
(11.1 – 28.30) 
24.9 
(23.1 – 26.80) 
24.21 
(12 – 27.7) 
     Conductivity (µS/cm) 463.71 
(341 – 570) 
427.33 
(449 – 520) 
384.6 
(285 – 502) 
377.48 
(232 – 454) 
     Turbidity (NTU) 0.32 
(0.07-1.51) 
0.6 
(0.07-4.03) 
0.53 
(0.10-3.12) 
0.24 
(0.07-1.25) 
     Cl2 demand (mg/L) 17.08 14.25 10.39 10.8 
UDL, Under Detection Limits 
+ Correspond to the averages of the runs  
  
 
Results  
 
 
           In this section, an evaluation of the effectiveness of anion exchange in the removal 
of hydrogen sulfide, other important anions, a chlorine demand test, and the factor that 
influence the performance of the anion exchange are discussed.  
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 Hydrogen Sulfide and Other Anions Removal 
 
 
            The treatment effectiveness was evaluated based on the removal of hydrogen 
sulfide through the anion exchange. The breakthrough concentration of hydrogen sulfide 
concentration was defined as a 0.5 mg/L as S2-. Results suggest a relationship between 
the initial concentration of hydrogen sulfide and the breakthrough volume. The average 
BVs and the concentration of hydrogen sulfide in the influent for all four wells are shown 
in Figure 8. In comparison with well A the increments in BV were 329%, 232%, and 
385% for wells B, C, and D respectively. However, well C seems to be influencing by 
another factor that reduces its performance in comparison with well B. The difference 
between the BV obtained in wells B and C may be explained by the dissimilarity in 
sulfate concentration. In the case of well B the average concentration was 7.27 mg/L and 
14.75 mg/L as SO42- for well C.  
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Figure 8. Comparison Between the Average BV and the H2S Concentration for Each Well 
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            Sulfate levels varied from 1 to over 30 mg/l as SO42- on the well sites. Sulfate 
breakthrough did not occur in any of the tests.  The results of the sulfate removal 
correspond with expected results according to the resin selectivity. The sulfate removal 
was typically over 90% among the wells. During the study period the average initial TOC 
concentrations for the four wells varied between 2.3 to 3.1 mg/L. 80% of the TOC was 
removed by the anion exchange vessels.  
 
 Average decreases in the chlorine demand for wells A, B, C, and D were 81.1, 
79.1, 76.6, and 81.3 percent respectively. The chlorine demand of the influent water at 
ambient pH and the chlorine demand in the anion exchange effluent are shown in Figure 
9. The anion exchange demand range from 2.0 to 3.23 mg/L.  As expected the chlorine 
demand varies in function of hydrogen sulfide (Figure 10).  
 
 
0
5
10
15
20
A B C D
C
hl
or
in
e 
de
m
an
d
 m
g/
L
 a
s C
l2
Raw water Anion exchange effluent
 
Figure 9. Comparison Chlorine Demand in Raw Water and Anion Exchange Effluent for 
Each Well 
 
 
   
 
 37
y = 3.0119x + 9.2513
R2 = 0.8236
0
5
10
15
20
0.5 1.0 1.5 2.0 2.5 3.0
Hydrogen sulfide, mg/L as S
C
hl
or
in
e 
de
m
an
d
m
g/
L
 a
s C
l2
  
Figure 10. Chlorine Demand as Function of Influent Hydrogen Sulfide Concentration 
 
 
 
Influencing Factors 
            
 
           In addition to the water quality, the presence of air in the column, and the 
development of microbial colonies in the resin influenced the performance.  
It was observed that resin capacity increased when a small amount of air was induced. 
Comparison between average runs in well A and B where the presence of air was 
observed or measured is shown in Figure 11. The increments in the number of BV were 
155 % and 88 % for wells A and B respectively. These differences motivated two 
separated the results into these two groups. BV averages for all wells as a function of the 
combined affects of the hydrogen sulfide and sulfate is shown in Figure 12. The intercept 
with the BV axes was 354 to runs without air and 503 for runs with air. Increase in BV is 
equal to 42%. On the other hand, slopes did not show significant difference between 
them. The P value equals to 0.92. These trends allow the creation of model to predict the 
treat volume before hydrogen sulfide breakthrough is obtained. However, the application 
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of this model is limiting the initial concentration of sulfate or sulfide to very low 
concentrations. If only hydrogen sulfide is present the model becomes zero at 
concentrations equals to 26.47 and 20.05 mg/L as S2- for runs with the presence of air and 
without it respectively. In the case of sulfate the maximum concentrations are 74.76 and 
56.65 mg/L as SO42-. To create an applicable model to predict the performance of the 
resin under any circumstances is necessary the use water with a spread water quality 
characteristics.  
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Figure 11. Comparison Between the Average BV for Runs With Air and Without in Wells A 
and B 
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Figure 12. Predictor BV Model Based on the Initial Hydrogen Sulfide and Sulfate 
Concentrations in meq/L for Run With and Without Air 
 
 
             Since the TOC concentrations among the wells are similar, the relatively high 
impact that sulfate concentrations have on the performance of the resin i.e., well A, and 
based on the preference of the SBA resin it is possible that the phenomenon is drove by 
the sulfate.  
 
           During the course of this study an increased capacity was observed in some wells 
in conjunction with the development of a white layer on the top of the resin. Samples of 
resin and water were analyzed using Scanning Electron Microscopy (SEM) coupled with 
Energy Dispersive Spectroscopy (EDS) (Figure 9). The presence of bacteria was 
observed. Further study is required to understand their possible role in the removal of 
sulfides from groundwater. 
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Figure 13. Scanning Electron Micrographs from a), b), c) Resin From Well B, and d) Resin 
From Well A  
 
 
Discussion 
 
 
 Packed-bed anion exchange has directly impact in the water quality, operational 
procedures and practical issues. As the main objective of this project, Anion exchange 
technology demonstrated an effective control of hydrogen sulfide from groundwater with 
no odors or noise production.   
  
            Sulfur species have the ability of oxidation or reduction by chemical and/or 
biological reactions in the distribution systems and storage tanks under the correct 
a b
c d
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environment. It makes possible the re-appearance of the hydrogen sulfide if the net mass 
of sulfur is no remove from the water matrix. While aeration and oxidation do have the 
potential to remove other sulfur species different from hydrogen sulfide, anion exchange 
eliminates the possibility of the reformation of hydrogen sulfide removing other anionic 
sulfur species such a sulfate, and bisulfate. 
 
           Because of the nature of the organic matter, it is susceptible to be removed using 
anion exchange technology. High removal percentages have been found with use of anion 
exchange while the others alternatives do not have the ability of organic reduction. Anion 
exchange decreases the potential formation of DBPs with the removal of high 
percentages of TOC.  
 
            Anions are responsible for a large part of the consumption of chlorine during the 
oxidation. The removal of these anions reduces the chlorine demand. Reductions in the 
chlorine dosages impact directly the potential formation of DBPs. In addition, reductions 
in operational cost will be obtained by reducing the chlorine dosages. 
 
            Usually aeration and disinfection are associated with the potential production of 
turbidity that is responsible of decrease disinfection efficacy and creates aesthetic issues. 
The absence of turbidity formation and its ability to remove negatively colloidal particles 
make highly competitive anion exchange technologies. As a consequence of the removal 
of turbidity the disinfection effectiveness may increase.  
 
            Another substantial advantage of the use of anion exchange technology is the 
elimination of chemicals additions. Anion exchange operates at ambient pH that makes 
unnecessary the addition of acids to decrease the pH to increase the efficiency of the 
system. As a consequence reduction in operational cost will be obtained. In addition, 
decreases the possible heath impacts on the operators in that they have less need to 
handle chemicals. 
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            Anion exchange technology eliminates the necessity of re-pressure the treat water. 
This fact eliminates the possibility of contamination during the air contact, storage, and 
contributes to the reduction of the operational cost.     
 
             Small treatment plants can be located in residential areas. Consequently, 
concerns regarding the availability of land and the production of odors and noise become 
important issues.  Packed-bed anion exchange does not require a large amount of space or 
produce odors or noise. Thus it is can be a particularly important technology where well-
sites are located in close proximity of communities and space is limited.  
 
 
Conclusions 
 
 
           Based on the data generated through this project, the following conclusions can be 
drawn: 
 
1. Anion exchange technology is an effective technology for removing hydrogen 
sulfide from groundwater sources.  
 
2. Resin capacity was related to the concentration of exchangeable anions.   
 
3. Supplemental benefits of anion exchange include removal of TOC, sulfate, and 
reduction of the chlorine demand.   
 
4. Initial concentrations of sulfate seem to have a big impact in the resin 
performance. 
 
5. The introduction of air impacts the performance of the resin increments the treat 
volume before the hydrogen sulfide breakthrough is reached. 
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Abstract: Control of hydrogen sulfide can be accomplished through removal technologies 
such as aeration or anion exchange or conversion technologies such as oxidation.  All of 
these technologies are capable of controlling hydrogen sulfide, however, there are 
differences among the technologies in terms of their impact on treated water quality.  
There are also operational differences that influence process selection. 
 
Pilot scale test were conducted to evaluate efficacy of the anion exchange technology and 
chemical oxidation for removal hydrogen sulfide from groundwater. The effectiveness of 
aeration, anion exchange, and chemical oxidation was compared. For small scale 
systems, anion exchange was the most competitive alternative to control hydrogen 
sulfide. Additional benefits from use of anion exchange include removal of other sulfur 
species reducing the eventual reformation of hydrogen sulfide, organic carbon 
compounds, and chlorine demand was reduced. 
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groundwater treatment.      
 
 
Introduction 
 
 
           The technologies for controlling hydrogen sulfide in groundwater sources can be 
divided into two categories, removal and conversion. Treatment technologies can be 
designed to remove hydrogen sulfide through gas exchange, ion exchange. Conversion 
technologies capitalize on the fact that hydrogen sulfide can be transformed from one 
oxidation state from another. This conversion can be carried out by biological activity or 
chemical reactions. Oxidation can be combined with filtration. 
 
            In general, control of hydrogen sulfide is affected by: pH, turbidity, temperature, 
and alkalinity. The distribution of different forms of sulfides in groundwater sources is 
highly dependant of the pH. At pH between 7 and 8 the concentration of nonionized 
hydrogen sulfide ranges between 50 and 20%. pH also influence the kinetics of the 
chemical reactions. Turbidity can compromise the effectiveness of chemical oxidation 
with a possible increment in the oxidant demand. In addition, it can compromise the 
efficacy of the disinfection. Temperature is mainly related to reaction rates during the 
chemical oxidation. The use of acid to decrease the pH during the aeration process could 
have an important impact in the alkalinity capacity of the water source i.e., sulfuric acid 
(Duranceau, 1999).    
 
            Aeration is able to volatize the nonionized hydrogen sulfide through exposure the 
water to air. Aeration by itself is not able to remove the ionized forms. The efficiency of 
the procedure is affected by the distribution of sulfide as a function of pH.  Parallel to 
volatilization of hydrogen sulfide, oxygen is absorbed by the water. Aeration systems 
provide a good environment for developing of microbial populations (Dell’Orco, 1999) 
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that can also transform resulting in increased turbidity in the aerator effluents.  Inspite of 
these problems, aeration is one of the most common treatments to remove hydrogen 
sulfide.  
 
            Alternative approaches have been proposed to remove hydrogen sulfide such as 
gas exchange or anion exchange. Anion exchange uses a strong base resin in a bed or 
completely mixed reactor. The resin is able to exchange chloride for the anionic target 
contaminant while a contact between water and resin is promoted. Once the resin 
capacity is exhausted regeneration with brine solution is required. 
 
           Chemical oxidation is used to convert dissolved hydrogen sulfide to another more 
oxidized sulfur form (elemental sulfur or sulfate). This transformation is dictated by the 
type of oxidizer and the pH of the water. The most common oxidizers used to control the 
presence of hydrogen sulfide in groundwater sources are: chlorine, oxygen, hydrogen 
peroxide, ozone, and potassium permanganate.  
 
            The purpose of this paper is compared treatment options of hydrogen sulfide and 
the impact on some key water quality parameters of each technology. 
           
  
 Background 
 
           Sulfur transformations, general information on regulatory issues, water quality 
parameters relevant for controlling sulfides, aeration, anion exchange, and chemical 
oxidation are discussed in this section.  
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Sulfur Transformations   
 
 
             The dominant forms of sulfur in the environment are controlled by biological, 
chemical, and geochemical reactions that result in the cycling of sulfur between various 
oxidation states and complexation with organic and inorganic constituents.  The sulfur 
cycle is dynamic and the turnover rate for each stage is controlled by water quality and 
microbial characteristics.   
 
          Sulfides are the main product of sulfate respiration by anaerobic bacteria and are 
also released by desulfuration of organic compounds.  Sulfides can be converted to 
elemental sulfur or sulfate by biological or chemical oxidation. In addition to biological 
reactions mediated by microorganisms present in the environment, chemical oxidation 
reactions can convert sulfides to elemental sulfur or sulfate.  Oxidizing agents available 
in the environment include oxygen, iron, or manganese. 
     
 
Regulatory Framework for Control of Hydrogen Sulfide 
 
 
            While the need for controlling hydrogen sulfide in water systems has been widely 
recognized (Jacobs et al. 1998, Stumm 1960, Wells, 1954, White 1999), historically there 
have been relatively few regulations that address treatment requirements.  Under the 
requirements of the Safe Drinking Water Act (SDWA) hydrogen sulfide is indirectly 
regulated through the secondary drinking water standard for taste and odor.  However, 
there are no monitoring requirements for hydrogen sulfide in either treated or untreated 
water.  Tampa Bay Water, a wholesale provider of water in west-central Florida, 
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developed a performance goal for their member governments of 0.1 mg/L for hydrogen 
sulfide in treated water.   
 
           In 2003, the Florida Department of Environmental Protection (FDEP) 
implemented a new rule pertaining to hydrogen sulfide removal under Chapter 62-
555.315(5).  This rule applies to the permitting process for new or altered wells in 
community water systems. Treatment recommendations are defined based on the level of 
total sulfide in the untreated water and the ambient pH. Those recommendations include: 
chlorination, conventional aeration with and without pH adjustment, forced draft aeration 
with and without pH adjustment, and forced draft aeration.  The rule also allows utilities 
to use alternate treatment technologies as long as the treatment effectiveness is 
comparable to the treatment recommendations specified.  
 
 
 Water Quality Variables of Importance for the Control of Hydrogen Sulfide 
 
           The efficiency of the treatment systems options for control of hydrogen sulfide is 
influenced by several water quality variables including pH, alkalinity, temperature, and 
turbidity.  The presence of iron, manganese, organic carbon or other constituents that 
might impose an oxidant demand can also impact process performance and treated water 
quality. 
 
            From the perspective of hydrogen sulfide control, pH affects the degree to which 
the sulfide is ionized or nonionized.  The technologies discuss in this paper that allow for 
removal of hydrogen sulfide are highly pH dependent.  Aeration is only effective for 
removal of nonionized hydrogen sulfide.  As shown in Figure 4, at pH 7, about half of the 
sulfide is in the nonionized form, while at pH 5, almost all of the sulfide is nonionized 
(H2S). However, the oxygen introduced into the water can act to oxidize the sulfide to 
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elemental sulfur or sulfate.  Conversely, anion exchange is targeted at removal of the 
ionized forms of sulfide, which increase with increasing pH.  Anion exchange technology 
also removes other negatively charged constituents from water including sulfate, organic 
carbon, and negatively charged (anionic) particulate matter.  Oxidation technologies are 
effective over the entire pH range, however the products of oxidation (elemental sulfur 
versus sulfate or polysulfides) are impacted by pH. 
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Figure 14. Theoretical Distribution of Hydrogen Sulfide and Polysulfides in Wter as a 
Function of pH Asuming Polysulfides are in Equilbrium With HS- (Equilibrium constants 
from Morse et al. 1987, Stumm and Morgan 1996 ) 
          
             
              The presence of turbidity in untreated water can affect the performance 
efficiency of hydrogen sulfide control technologies based on oxidation and filtration.  
The particles suspended in groundwater tend to be relatively small (< 10 µm) and 
negatively charged. There is potential for groundwater particles to exert an oxidant 
demand impacting chemical dosage requirements.  In addition, the presence of particles 
in the water can compromise the effectiveness of disinfection by shielding 
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microorganisms from the action of disinfectant chemicals (e.g. chlorine and 
chloramines).  
 
              It is important to consider the potential impacts of turbidity on the performance 
of treatment technologies for hydrogen sulfide control.  In general, oxidation 
technologies may be impacted by additional oxidant demand associated with the presence 
of particles.  The performance of anion exchange is not likely to be impacted by turbidity.  
However, it is interesting to note that, since particles in water tend to be negatively 
charged, it is possible to achieve some particle removal through anion exchange systems.  
There are no particle removal mechanisms associated with the other treatment 
technologies evaluated for this project.  
 
 
Aeration 
 
       
            The form of hydrogen sulfide removed in stripping reactions is nonionized 
hydrogen sulfide (H2S).  In addition to stripping reactions, secondary reactions occur 
within aeration systems due to the introduction of dissolved oxygen.  Oxidation reactions 
that occur in aeration systems include hydrogen sulfide oxidation (to either elemental 
sulfur or sulfate), and iron and manganese oxidation to form oxidized precipitates.  
Microbiological growth can also occur within aeration systems due to the warm, moist 
environment and the presence of oxygen and nutrients.  Products of the secondary 
reactions include biofilms and deposits consisting of iron, manganese, and sulfur particles 
that can foul the internal surfaces of aeration systems and potentially introduce turbidity 
into the treated water.  Sulfates and elemental sulfur formed through biological or 
chemical oxidation have the potential to revert to hydrogen sulfide under the correct 
environment conditions. 
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             The overall efficiency of aeration technologies depends on several factors including: 
the ratio of air to water, water pH, temperature, and aeration system design.  Chemicals can 
be injected to reduce the pH (carbon dioxide or a mineral acid) prior to aeration.  
 
 
Anion Exchange 
 
 
             Ion exchange technology is a treatment process that removes constituents from 
water that are charged (ions) by reversibly entrapping the ions on a solid surface or resin.  
Ions entrapped on the surface are exchanged with other ions.  Typically, ion exchange 
technologies are designed to remove positively charged ions (cations) or negatively 
charged ions (anions).  Resins have a finite capacity for exchanging ions and once the 
resin is saturated, it can be regenerated and put back into service.   
 
            Over the past ten years, spurred by increasingly stringent water quality 
requirements coupled with advances in resin production, the use of anion exchange 
technology has been adopted by many water utilities to remove negatively charged 
constituents including nitrates, arsenic, organic compounds, and/or other anionic 
contaminants such as perchlorate.  In most anion exchange systems used for drinking 
water applications, chloride is exchanged for anionic constituents in the water.  An 
electron micrograph of the characteristics of one of the anion exchange resins tested in 
this project is shown in Figure 1.  The resin consists of macroporous spherical particles 
ranging in size from about 100 to 800 µm.  The majority of ion exchange reactions occur 
on the resin surface and the available surface area impacts the capacity of the system for 
removing anions from water.  There is some potential for surface adsorption to occur, but 
it is difficult to quantify these reactions (Crittenden et al. 2005, Crepaldi et al. 2000, HDR 
2005, Letterman et al. 1999, Owens 1995). 
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Figure 15. Scanning Electron Micrograph of Anion Exchange Resin Used for Testing 
Sulfide Removal 
 
 
             For removal of hydrogen sulfide from water, the use of anion exchange 
capitalizes on the fact that, under pH ranges typical of groundwater, the majority of the 
sulfides are in an anionic form (HS-, S-2, , polysulfides, thiosulfate, sulfite).   There are a 
variety of anion exchange resins commercially available that have been used in water 
treatment applications and have been approved by the National Sanitation Foundation 
(NSF).   
 
 
Oxidation Technologies for Control Hydrogen Sulfide 
 
      
           A summary of hydrogen sulfide oxidation reactions is shown in Table 12.  The 
most common oxidant used for groundwater treatment is chlorine. Other chemicals that 
are effective for oxidation of hydrogen sulfide include ferrate, hydrogen peroxide, ozone, 
and potassium permanganate.  For drinking water applications, ozone and potassium 
permanganate have been used at various locations.  Hydrogen peroxide is widely used in 
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industrial applications and is also used in some drinking water systems in conjunction 
with ozone or UV irradiation in advanced oxidation processes for oxidation of trace 
organics.  Ferrate has been used in industrial applications (Sharma et al. 1997).  
 
 
Table 12. Comparison of Stoichiometric Chemical Reactions for Oxidation of Hydrogen 
Sulfidea 
Oxidant Oxidation Reaction Dose,  
Mg/mg H2S 
Chlorine   
 H2S + Cl2 ? So   + 2HCl 2.08 
 H2S + 4H2O  + 4 Cl2 ? H2SO4 + 8 HCl 8.33 
Ferrate   
 4H2S + 3HfeO4- + 7H+ ? 3Fe+2 + S2O3-2 + 2So + 9H2O 2.66 
 16H2S + 20HfeO4- + 10H2O ? 20Fe(OH)3 + 3H2S2 + SO3-2 + 3S2O3-2  + 
3SO4-2  + 6OH- 
4.44 
Hydrogen peroxide 
 H2S + H2O2 ? So + 2H2O  1.03 
 HS-  + 4H2O2  ?SO4-2  +4H2O  +H+  (pH>8) 4.11 
Oxygen   
 HS-  +  2O2  ? SO4-2  + H+ 1.88 
 2HS-  + 2 O2  ? S2O3-2   +  H2O 0.94 
 H2S  +  3/2O2  ? SO3-2  +  2H+ 1.41 
 2H2S + O2  ? 2So + 2H2O 0.47 
Ozone   
 H2S + O3 → S0 + O2 + H2O 
S-2 + 4O3  + 4H2O ? SO4-2 + 4O2  
2.82 
5.64 
Potassium Permanganate 
 3H2S + 2KmnO4? 3So + 2MnO2  2KOH   +  2H2O 3.09 
 3S-2 + 8KmnO4 + 4H2O ? 8MnO2 + 3SO4-2 +8KOH 12.39 
aFrom Black and Goodson (1952), Cadena and Peters (1988), Chen and Morris 1972, 
Dohnalek et al.(1983), Hoffman et al. (1977), Morse et al. (1987), Sharma et al. (1997), 
and Sullivan et al. (1988) 
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           Because sulfur can exist in several oxidation states, the final form of oxidized 
sulfur is dependent on an array of factors.  A predominance area diagram for some sulfur 
species is shown in Figure 2.  In predominance area diagrams, the dominant form of each 
constituent is identified for all combinations of oxidation potential (represented as pE) 
and pH (Benjamin 2002, Stumm and Morgan 1996).  It should be noted that these 
diagrams do not provide information on the relative concentrations of each constituent, 
but rather provide insight into the species that are thermodynamically favored at 
equilibrium under specific pE and pH conditions. As shown, elemental sulfur tends to be 
favored in a fairly narrow range of pH and oxidation potential. 
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Figure 16. Predominance Area Diagram Showing the Theoretical Equilibrium Forms of 
Sulfur as a Function of Oxidation Potential (pE) and pH.  Thermodynamic Constants from 
Stumm and Morgan 1999. (pE is Equal to the Log of the Equilibrium Constant Normalized 
to One Electron Transfer) 
 
 
            The addition of oxidant chemicals serves to increase the oxidation potential (pE) 
of water, thus causing a vertical shift upwards in Figure 16.  The extent of increase 
p
E
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depends on the type of chemical added, the dose, and water quality constituents that may 
react with the oxidant, reducing the net oxidation potential available for control of 
hydrogen sulfide.  Different oxidant chemicals have different oxidation potentials.  A 
comparison of the oxidation potential of chemicals appropriate for use in groundwater 
systems is shown in Figure 17.  
 
 
 
Figure 17. Comparison of Oxidation Potentials Associated With Oxidant Chemicals Used 
for Chemical Oxidation of Hydrogen Sulfide.  The Oxidation Potential is Reported in 
Terms of Volts Per Single Electron Transfer 
 
 
Methodology 
 
 
             This project involved water quality testing of untreated water and technology 
evaluation. Anion exchange and oxidation was conducted at the treatment sites associated 
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with each well.  Water quality tests were either conducted in the field using field test kits 
or in the USF laboratory.  
 
Sampling 
 
 
          Samples were collected of untreated water and following individual stages of pilot-
scale tests.  Special precautions were taken for the collection of samples for sulfide 
analysis.  A sampling device modified from a graduated cylinder was used to prevent 
exposure of the sample to air and potential volatilization.  Water enters the device at the 
bottom of the sampler and overflows from the top.  Samples for sulfide analysis are 
collected from the submerged tube and analyzed directly using field test methods 
(titration, methylene blue colorimetric test, or specific ion electrode).   
 
            Field tests on all samples included sulfide analysis, pH, temperature, alkalinity, 
and conductivity.  Chlorinated water for the pilot-scale tests was tested in the field for 
total and free chlorine using the DPD method.  Field analyses were also conducted for 
turbidity, color, UV-254 absorbance, iron, sulfate, and chloride for some of the bench and 
pilot scale tests.  For analyses other than sulfides, samples for field testing were collected 
in pre-cleaned glass or plastic containers that were pre-rinsed with each sample.  Probes 
(pH, conductivity, and sulfide) were calibrated regularly.  For spectrophotometric 
measurements of color and UV-254 absorbance, samples were syringe filtered in the field 
using a filter with a pore size of 0.2 µm. Samples for laboratory analysis were collected 
in pre-labeled containers.  Glass containers were used for total organic carbon (TOC) 
samples, plastic containers were used for samples for metal and anion analysis. Samples 
were transported to the USF lab and stored at 4 oC until analysis. 
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            A summary of the water quality tests used in this project is given in Table 13.  
Field analyses were conducted at the well site and laboratory analyses were conducted in 
the USF environmental engineering laboratory. 
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Table 13. Summary of Analytical Methods Used for Characterization of Water Samples 
from Pilot-Scale Testing 
Test Field or 
Laboratory 
Method Reference Number (Standard 
Methods); Instrument 
Detection Limit/sensitivity
Alkalinity Field and 
Lab 
2320 B Titration /Bromocresol green/ methyl 
red 
20 mg/L as CaCO3 
Chlorine, total 
and free 
Field 4500-Cl F DPD Colorimetric Method; Pocket 
Colorimeter II 
0.01 mg/L as Cl2 
Conductivity Field and 
Lab 
HACH Conductivity Probe; Model 51975-03 20 µS/cm 
Hydrogen 
Sulfide 
Field 4500-S-2 D Methylene Blue Method; Hach 
Field Spectrophometer Dr/2400 
0.1 mg/L as S 
Ph Field and 
lab 
HACH Platinum pH Electrode, Model 51910; 
HACH Portable Multiparameter Meter 
Sension 156 
0.01 pH units 
Temperature Field HACH Platinum pH Electrode, Model 51910 0.01 o C 
Turbidity Field and 
Lab 
2130B Nephelometric Turbidity 0.01 NTU 
Nitrogen    
Ammonia Lab HACH-8155  0.01 mg/L 
Nitrate Lab HACH-8192 0.1 mg/L 
Anions    
Chloride Field and 
Lab 
4140 B. Capillary Electrophoresis with 
indirect UV detection; Beckman P/ACE 5000 
CE or  
4500 CL Argentometric titration 
1 mg/L 
Sulfate Field and 
Lab 
4140 B. Capillary Electrophoresis with 
indirect UV detection; Beckman P/ACE 5000 
CE or 4500 SO4 turbidity method 
1 mg/L 
Metals    
Calcium Lab 3111 Metals by Flame Atomic Absorption 
Spectrometry; Perkin Elmer Aanalyst 100 
0.01 mg/L 
Magnesium Lab 3111 Metals by Flame Atomic Absorption 
Spectrometry; Perkin Elmer Aanalyst 100 
0.01 mg/L 
Iron (total 
and 
dissolved) 
Lab 3111 Metals by Flame Atomic Absorption 
Spectrometry; Perkin Elmer Aanalyst 100 
0.01 mg/L 
Manganese Lab 3111 Metals by Flame Atomic Absorption 
Spectrometry; Perkin Elmer Aanalyst 100 
0.01 mg/L 
Copper 
(total) 
Lab 3111 Metals by Flame Atomic Absorption 
Spectrometry; Perkin Elmer Aanalyst 100 
0.01 mg/L 
Total Organic 
Carbon 
Lab 5310C Persulfate-Ultraviolet Oxidation 
Method; Sievers TOC analyzer 
0.05 mg/L 
Particle 
characterization 
Lab Electron Microscopy/ Energy Dispersive 
Spectroscopy 
0.5% (5000 ppm),  
1 nm spot size 
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Pilot-Scale Test 
 
 
            Pilot scale tests were conducted using a pilot-test trailer constructed by Aloha 
Utilities for this project.  The pilot system was designed to accommodate flowrates up to 
2 gpm.  The pilot plant consisted of an inflow connection, chemical feed ports, treatment 
equipment, and sample ports. Clear plastic pipes (2 inch diameter) were used to convey 
water through the system and provide for observation of air leakage, and turbidity 
formation. The hydraulic residence time of the system was 25 minutes at 1 gpm.  The 
treatment units that were installed in the pilot plant included two anion exchange tanks, a 
UV reactor, and a pipeline reactor for in-pipe chemical treatment. The UV unit from 
Trojan was operated at a flowrate of 1 gpm (model 02AM15, 3 amps, 30 mJ/cm2 @95% 
UV transmittance). Bypass lines were installed to allow for bypass of anion exchange, 
UV, or chemical feeds.  Chemical feed ports and pumps were located immediately after 
the water intake and at four downstream locations. In-line mixers were installed at the 
chemical injection ports to ensure adequate chemical dispersion.  Sampling ports were 
located upstream and downstream of each treatment step.  A photograph of the pilot plant 
is shown in Figure 18.  
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Figure 18. Photograph of Inside of Pilot Treatment Trailer Showing Anion Exchange 
Contact Tanks, UV Reactor, Brine Thank, and Pipeline Reactors 
 
 
 
Anion Exchange 
 
 
           The anion exchange contactors used in this study is shown in Figure 18 (Sta Rita; 
Park International; Long Beach, CA, model RT-948, Serial  number 120604B: 
Regeneration model 5600).  The units are 48 inches high with a 9 inch diameter.  Each 
was filled with about 1 cubic foot of resin with a bed depth of about 2 ft.  The 
characteristics of the resins are given in Table 14. The systems were operated at a 
flowrate of 1 to 2 gallons per minute resulting in a hydraulic loading rate of 2 to 4 gpm/ft2 
with an empty bed contact time (EBCT) of less than one minute.  
 
 
 
 
UV Reactor 
Anion Exchange Reactors
Pipeline Reactor 
Brine Tank
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Table 14. Parameters of Anion Exchange Resins Tested in this Project (From 
Manufacturers’ Literature and MSDS Sheets) 
Parameter Resin A Resin B 
Matrix structure Macroporous Strong-base Cross-
linked polystyrene 
Porous Styrene with divinyl benzene 
(DVB) 
Functional Group Quarternary ammonium R-N-(CH3)3+Cl- 
Exchange capacity 1 meq/mL not given 
 
 
            Each of the contactors was operated semi-continuously over a several week 
period. Chlorine was added downstream of anion exchange to evaluate chlorine demand 
and pH impacts associated with chloramination. The resins were regenerated using a 
brine solution. 
 
 
Oxidation Tests 
 
 
            As part of this project, the impacts of using sodium hypochlorite on hydrogen 
sulfide reactions were evaluated under different pH conditions.  In addition, the efficacy 
of using alternative oxidants, hydrogen peroxide and UV irradiation was tested.  A 
summary of the oxidation tests conducted for this project is given in Table 15. 
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Table 15. Summary of Oxidation Tests Conducted on Water from the System 
Oxidant pH Goal 
Sodium hypochlorite Ambient 
& 8-8.5 
Develop baseline kinetics for sodium hypochlorite oxidation of 
hydrogen sulfide; Evaluate chlorine demand; Assess turbidity 
formation 
Hydrogen peroxide 
followed by chlorine 
7.5-8.5 Develop reaction kinetics as a function of pH; Assess 
characteristics or particulate matter formed in process  
UV followed by 
chlorine 
Ambient Develop reaction kinetics as a function of pH; Assess 
characteristics or particulate matter formed in process 
Hydrogen peroxide 
followed by UV 
7.5-8.5 Develop reaction kinetics as a function of pH; Assess 
characteristics or particulate matter formed in process  
Hydrogen peroxide 
followed by UV 
followed by chlorine 
7.5-8.5 Develop reaction kinetics as a function of pH; Assess 
characteristics or particulate matter formed in process  
 
 
 
Water Quality 
 
 
          A summary of the most important water quality parameters in the untreated water 
are provided in Figure 19 in boxplot format. The boxes represent 50% of the data and the 
horizontal lines represent the median value.  The height of the box reflects the variability 
of the data. These data collected between 1998 and 2005.  
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Figure 19. Comparison of the Important Water Quality Parameters of a) Hydrogen Sulfide, 
b) Sulfate, c) TOC, d) Chloride, e) pH, and f) Turbidity. Data from 1998-2005 
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Results and Discussion 
 
 
            An anion exchange and chemical oxidation pilot test results are presented in this 
section. Finally a comparison among the alternatives options is provided.    
 
 
Anion Exchange. 
 
 
          Both of the resins that were tested in the screening tests were effective at removal 
of hydrogen sulfide.  A summary of water quality changes due to anion exchange is 
shown in Figure 7.  The resins were effective at reducing hydrogen sulfide and sulfate to 
below detection levels.  Organic carbon removal ranged from 70-85%.   
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Figure 20. Comparison of Impacts of Anion Exchange (AE) on a) Hydrogen Sulfide, 
Organic Carbon (TOC) and b) Sulfate, and Chloride in Pilot Tests Conducted on Water 
from Well 9 During the Summer of 2005 
 
 
            A comparison of the removal efficiency of one of the anion exchange resins for 
hydrogen sulfide, organic carbon (TOC), and turbidity is shown in Figure 21.  The initial 
sulfide level for these tests ranged from 2 to 3 mg/L and the hydrogen sulfide in the 
effluent was at or near the detection limits.  TOC removal was fairly consistent and 
ranged from 70 to 80% over the testing period.  Turbidity removal was more variable due 
to the fluctuations in particle characteristics (size, concentration, and composition) 
associated with the untreated water.  It should be noted that the system used for these 
preliminary tests was not hydraulically optimized.  Further testing is in progress to 
evaluate the service cycle of the resin for each of the source waters. 
 
a
b
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Figure 21. Percent Sulfide Removal Following Anion Exchange Treatment of Water from 
Well 9 as a Function of Volume of Water Treated in Pilot Treatment Unit.  Influent Sulfide 
Concentrations Ranged from 2 to 3 mg/L 
    
 
              Another benefit of using anion exchange to remove hydrogen sulfide is a net 
reduction in the chlorine demand.  Over the course of this study, the chlorine demand 
after anion exchange varied from about 0.2 to 6 mg/L for samples containing no 
detectable hydrogen sulfide as compared to chlorine demand levels of over 24 mg/L for 
the untreated water.  Another issue that was evaluated in the preliminary tests was the 
impact of chlorination on pH.  A summary of pH changes associated with addition of 
chlorine to water from well 9 that had been treated by anion exchange is shown in Figure 
22 as a function of chlorine dose and chlorine demand.  As shown, the maximum pH 
increase was less than about 0.3 pH units.  
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Figure 22. Comparison of Incremental pH Change Associated With Addition of Chlorine to 
Water from Well 9 Following Treatment by Anion Exchange 
 
 
Pilot-Scale Testing of Oxidation Reactions 
 
              
           In this section the results of the chlorine, hydrogen peroxide, hydrogen peroxide-
chlorine, ultraviolet irradiation-chlorine, and hydrogen peroxide-ultraviolet irradiation are 
provided. 
 
  
 Chlorine Oxidation               
  
 
            A comparison of the concentration of hydrogen sulfide removed and the finished 
water turbidity is shown in Figure 23.  As shown, the highest turbidity levels were 
observed in water from well 9, however, there was not a direct relationship between 
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hydrogen sulfide removal and turbidity formation.  Over the pH range tested, there did 
not appear to be a strong relationship between pH and turbidity formation, most likely 
due to other confounding variables such as organic carbon and variations in turbidity 
levels associated with the source water. 
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Figure 23. Comparison of the Concentration of Sulfide Oxidized and the Concentration of 
Turbidity in Chlorinated Water from Wells 2, 3, 4, 8, and 9 Based on Pilot-Plant Testing 
Using Sodium Hypochlorite at Ambient pH 
 
 
 
 Hydrogen Peroxide-Chlorine Oxidation 
 
 
             Pilot-scale tests were developed using a 2 to 3 minute contact time for hydrogen 
peroxide followed by chlorine addition.  Tests were conducted at ambient pH and with 
pH adjustment either before or after hydrogen peroxide addition.  Hydrogen peroxide was 
dosed at a rate of about 0.5 mg per mg of hydrogen sulfide. 
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            A summary of hydrogen sulfide removal and turbidity generation through the 
two-stage oxidation process at ambient pH is shown in Figure 24.  As shown, about half 
of the hydrogen sulfide was oxidized by hydrogen peroxide and the remainder was 
oxidized by chlorine.  However, significant levels of turbidity were generated following 
the addition of chlorine.   
 
            In contrast to the ambient pH condition, the water was pre-treated with caustic 
soda (sodium hydroxide) to raise the pH to about 8 prior to the two-stage oxidation 
process.  Results from the elevated pH testing are summarized in Figure 25.  A lower 
quantity of hydrogen sulfide was oxidized by hydrogen peroxide.   In addition, turbidity 
levels associated with each stage of treatment were lower.  It should be noted that the 
untreated water contained turbidity levels that varied over the course of this testing.  If 
oxidation processes are conducted in-line, there are no mechanisms for removal of 
turbidity (unless the particulate matter is solubilized through oxidation).  Obviously, 
some of the turbidity carries over through treatment, however additional turbidity is 
generated through the sequential reactions. 
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Figure 24. Impact of Hydrogen Peroxide and Chlorine Oxidation of Hydrogen Sulfide on 
Levels of Total Sulfide and Turbidity in Water from Well 9 at Ambient pH 
 
 
 
   
 
Figure 25. Impact of Hydrogen Peroxide and Chlorine Oxidation of Hydrogen Sulfide on 
Levels of Total Sulfide and Turbidity in Water from Well 9 at Elevated pH (~ pH 8.3) 
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            Based on these results, the optimum approach for applying this two-stage 
oxidation treatment is to elevate the pH prior to hydrogen peroxide addition.  The main 
advantage of using the two-stage oxidation is that it reduces the net chlorine demand of 
the water and could potentially form more stable reaction products.  Turbidity levels 
associated with the two-stage oxidation were lower than levels associated with the use of 
sodium hypochlorite alone.  Even though turbidity is not currently regulated in 
groundwater systems, it would be advantageous to minimize the amount of particulate 
matter introduced into the water distribution system. 
 
 
 Ultraviolet Irradiation-Chlorine Oxidation 
 
 
            Results from pilot testing conducted at well 9 are shown in Figure 26.  As shown, 
the decrease in hydrogen sulfide levels associated with UV irradiation surpassed 
oxidation efficiencies associated with hydrogen peroxide.  However, turbidity levels 
formed through the UV reactor and from chlorination were higher than turbidity 
associated with the other treatment scenarios evaluated.  
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Figure 26. Impact of Using Ultraviolet (UV) Irradiation Coupled With Chlorine Oxidation 
of Hydrogen Sulfide on Levels of Total Sulfide and Turbidity in Water from Well 9 
 
 
 Hydrogen Peroxide – Ultraviolet Irradiation 
 
 
            In this project the combination of hydrogen peroxide with UV was tested under 
different pH conditions.  Results from hydrogen peroxide-UV oxidation followed by 
chlorination and ammonia addition are summarized in Figure 27.  As shown, the 
combination of hydrogen peroxide and UV was effective at reducing the concentration of 
hydrogen sulfide.  However, significant turbidity was generated through the process. 
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Figure 27.  Impact of Using Hydrogen Peroxide Coupled With Ultraviolet (UV) Irradiation 
Followed by Chlorine Oxidation on Levels of Total Sulfide and Turbidity in Water from 
Well 9 
 
 
Water Quality Comparison of Technologies 
 
 
             A comparison of the impact of each of the candidate technologies on hydrogen 
sulfide, organic carbon, sulfate, turbidity, and chloride is given in Figures 28-29.  For 
purposes of comparison, water quality parameters are compared to untreated water 
quality from well 9.  While the trends are likely to be similar, water from other wells may 
not reflect the exact same relationships.   
 
           Each of the technologies is effective for reduction of hydrogen sulfide.  In 
addition, the use of chlorine disinfection downstream of hydrogen sulfide control 
provides supplemental treatment capacity by reacting with residual hydrogen sulfide as 
needed, providing an additional hydrogen sulfide control measure.  In consort with 
control of hydrogen sulfide, the chlorine demand of the water is reduced by all of the 
technologies (except chlorine oxidation).  The extent of the chlorine demand reduction 
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depends on the amount of residual hydrogen sulfide associated with each technology.  
Data shown in Figures 28 and 29 are derived from pilot-scale and bench-scale tests 
conducted during this project. 
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Figure 28.  Effectiveness of Aeration, Anion Exchange, and Oxidation for Reduction of 
Hydrogen Sulfide and Chlorine Demand Associated 
 
 
           Anion exchange is the only one of the candidate technologies that is effective for 
reduction of sulfate and organic carbon.  The levels of sulfate and organic carbon shown 
in Figure 16 are derived from preliminary pilot-scale tests conducted on water from well 
9.  Aeration and oxidation are not expected to impact sulfate or organic carbon levels. 
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Figure 29. Impact of Aeration, Anion Exchange, and Oxidation on Organic Carbon (TOC) 
and Sulfate Levels in Treated Water 
 
 
            The impacts of each technology on turbidity are variable depending on the 
turbidity characteristics associated with the untreated water.  Aeration and oxidation 
technologies do not have any mechanism for removal of turbidity, thus it is anticipated 
that turbidity levels will not decrease using these technologies.  Turbidity may increase 
through treatment due to the formation of mineral precipitates and organic particles.   
Biological growth within the aeration tower may also contribute intermittent turbidity to 
aerated water.  Anion exchange has the capacity to remove particles depending on their 
size, surface charge, and physical properties.    
 
           A qualitative comparison of the water quality impacts of the candidate hydrogen 
sulfide control technologies is given in Table 16.  As shown, while all technologies are 
effective at controlling hydrogen sulfide levels, anion exchange offers additional water 
quality advantages for reduction of sulfates, organic carbon, and turbidity. 
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Table 16. Qualitative Comparison of Impacts of Treatment Technologies on Water Quality 
Water Quality 
Parameter 
Packed-Towera Aeration 
with pH control 
Fixed-Bed 
Anion Exchange 
Oxidation 
Sulfide >90% removal/conversion >90% removal >90% conversion 
Sulfate No impact >90 % removal No impact, minor 
increase due to sulfate 
formation (2.8 mg 
sulfate /mg sulfide 
oxidized 
Organic Carbon No impact 60-80% removal No impact 
Turbidity No removal mechanism; 
potential increase due to 
sloughing of biomass and 
chemical precipitates from 
oxidation/precipitation 
reactions that occur in the 
aeration tower 
Removal of negatively 
charged colloidal 
particles; no mechanism 
for turbidity formation 
No removal 
mechanisms; potential 
formation due to 
mineral and organic 
oxidation (iron, sulfur, 
organic colloids, etc.) 
Chloride No impact Increases 1 mg/mg 
sulfide removed and 0.7 
mg/mg sulfate removed 
Chlorine oxidation 
results in 5-8 mg of 
chloride per mg of 
sulfide converted; Other 
oxidants have no 
impact on chloride 
levels 
pH Controlled upstream and 
downstream of process 
No impact Upstream control 
Dissolved oxygen Increase up to oxygen 
saturation 
No impact Slight increase 
Chlorine demand Reduction proportional to 
sulfide removal 
Reduction proportional 
to sulfide removal 
Reduction proportional 
to sulfide oxidation.  
Supplemental chlorine 
demand due to partially 
oxidized organics and 
presence of residual 
oxidant 
Potential for 
hydrogen sulfide 
reformation 
Minor impact because only 
one form of sulfur is 
removed: nonionized 
hydrogen sulfide 
Major impact because 
most forms of sulfur are 
removed 
Minor impact; 
Hydrogen sulfide is 
converted to more 
stable form, but not 
removed. 
aPacked tower aeration includes supplying air through forced draft (or induced draft) 
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Conclusions 
 
 
            This study has provided the opportunity to evaluate the control of hydrogen 
sulfide from groundwater using packed-bed anion exchange and chemical oxidation. The 
major conclusions of this project are:  
 
1. The co-occurrence of other water quality constituents, particularly organic carbon 
and turbidity, should be considered in assessing the efficacy of various hydrogen 
sulfide control technologies. 
 
2. Aeration technology provides an effective approach for removing and oxidizing 
hydrogen sulfide.  Air stripping serves to remove nonionized hydrogen sulfide. 
The oxygen introduced through aeration serves as an oxidant that can react with 
hydrogen sulfide and other reduced minerals. Biological oxidation of hydrogen 
sulfide can also occur within aeration systems.   There is potential for turbidity to 
be generated through the aeration process due to biological activity coupled with 
chemical oxidation of sulfur and other minerals.   The use of aeration also 
requires on-site storage of chemicals for pH control and repressurization of the 
water prior to disinfection and introduction of the treated water into the 
distribution system. 
 
3. Fixed-bed anion exchange technology is effective for removing hydrogen sulfide 
from the Seven Springs source water.  Additional benefits of anion exchange 
technology include coincident removal of other forms of sulfur including sulfates, 
polysulfides, thiosulfates, and sulfites.  In addition, negatively charged (anionic) 
forms of organic carbon, color-compounds, and turbidity are removed through 
treatment.   Anion exchange technology does not generate nuisance odors or 
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noise, thus imposing minimal impact to neighboring property owners.  Another 
advantage of fixed-bed anion exchange is that treatment systems can be designed 
to be compatible with existing site constraints, thus reducing the costs and time 
needed for implementation.  Because the water is treated directly from the wells, 
the implementation of anion exchange technology would not require 
repressurization.   
 
4. Oxidation technology is effective for control of hydrogen sulfide through 
conversion reactions, however the presence of organics in the untreated water 
poses water quality complications that result in the generation of turbidity upon 
the addition of chlorine for disinfection.  Oxidation technology requires additional 
on-site storage of chemicals and process controls for chemical dosing and water 
quality monitoring.  Oxidation technology is essentially an “in-pipe” treatment 
and does not require repressurization prior to introduction of the treated water into 
the distribution system. 
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Conclusions 
 
 
 The research results presented in this thesis suggest that packed-bed anion 
exchange is a viable option for the control of hydrogen sulfide from groundwater sources. 
The major conclusions drawn from this research are listed below. 
 
1. Bed-packed anion exchange is effective in removing hydrogen sulfide from 
groundwater sources. 
 
2. Anion exchange reduces the total mass of sulfur in water, thereby decreasing the 
potential for re-formation of hydrogen sulfide in the distribution system. 
 
3. Anion exchange is capable of removing 50-70% of the dissolved organic carbon. 
Reduction of TOC can help to meet requirements of new regulations that relate to 
the disinfection byproducts (Stage 2 D/DBP) 
 
4. Removal of hydrogen sulfide through anion exchange reduces the chlorine 
demand. Reduction in chlorine demand decreases the potential risks for formation 
of DBPs and chemical cost. 
 
5. More measurements using diverse water quality sources are necessary to develop 
a reliable model that can predict the resin performance. The model developed for 
this project was validated for sulfide levels ranging from 1 to 2.6 mg/L as S2- and 
sulfate levels ranging from 1 to 37 mg/L as SO42-. 
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6. Hydrogen sulfide can be effectively oxidized using several different chemical 
oxidizers. However, filtration is needed downstream to remove particulate matter 
generated during oxidation.  
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Engineering Implications 
 
 
 The potential use of anion exchange for the removal of hydrogen sulfide was 
studied starting in the 1950’s (Thompson and McGarvey 1952).  However, little attention 
has been paid to its application.  This study provides insight into the application, 
performance, as well as factors that influence the use of bed-packed anion exchange for 
the removal of hydrogen sulfide from groundwater resources.  
 
             The data generated by this study have verified the effectiveness of anion 
exchange for hydrogen sulfide control. Currently, the use of aeration is recommended as 
the most effective hydrogen sulfide control strategy (FDEP, 2003). However, in 
comparison to aeration, anion exchange can achieve higher removal rates at typical 
groundwater pH, reduce corrosion problems, decrease turbidity generation, and eliminate 
noise and nuisance odors.  
 
             Another benefit of the use of anion exchange technology is that it allows for the 
removal of other forms of sulfur in the final effluent. Because of the nature of the sulfur 
cycle, the re-formation of hydrogen sulfide is possible under anaerobic conditions. An 
example of the latter would be the re-formation of the hydrogen sulfide from the 
oxidation of the sulfate in the distribution system.  
 
             A major benefit of using anion exchange is that it is effective at reducing the 
levels of disinfection byproducts precursors.  In this study, anion exchange technology 
removed up to 70% of the TOC. The improved water quality can result in lower cost for 
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operation of treatment facilities. Anion exchange technology can decrease the chlorine 
demand in treated water, thereby reducing the chemical dosages needed for disinfection. 
 
            In addition to water quality improvements, there are other advantages to the use of 
packed-bed anion exchange.  Because it is a closed system, re-pressurization is not 
required.  In addition, the footprint of the process is smaller than aeration systems.  The 
use of anion exchange decreases the chlorine demand and therefore reduces the 
possibility of health risks to operators in handling chemicals, and decreases the amount of 
space needed for chemical storage.               
 
              However, the impact of the waste stream from the anion exchange is not well 
understood. High concentrations of sulfur species, chlorides, and organics are expected in 
the regenerant waste stream. Optimal dosages of salt and a decrease in the regeneration 
frequency process are required to diminish the production of waste. A combination of 
different factors such as an injection of air in the column and the presence of sulfide 
oxidizing bacteria are likely to have a positive effect increasing the resin capacity. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 84
 
 
 
 
Additional Research 
 
 
 Recommendations for further research for the application of bed-packed anion 
exchange technologies for the removal of hydrogen sulfide from groundwater sources 
should include: 
 
1. Evaluate the impact of air presence in the column to improve the resin capacity. 
The air presence in the column improved the resin capacity in the present study. 
An in- depth study will be required to understand the implication that this 
injection will have on the kinetics of the system. The immediate impact can be the 
reduction of the frequency of the regeneration process.  
 
2. Examine the role of sulfide oxidizing bacteria in the removal process. The growth 
of this type of bacteria was observed. This population may impact the removal of 
the hydrogen sulfide in the column. The presence of these microorganisms can 
improve the resin performance. 
 
3. Optimize the salt concentration during the column regeneration process. 
Reductions in the salt concentration may keep the resin capacity inalterable and it 
can result in a reduction of the associated cost. 
 
4. Evaluate the impact of the addition of the brine solution on the microbial 
population. Determine the microbial susceptibility to salt, and its presence after 
the regeneration process. It is also important to determine the required time to 
repopulation the microorganism. 
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5. Determine which organic fraction is removed by the use of anion exchange 
technology. This helps to determine if anion exchange can help prevent the 
formation of DBPs.  
 
6. Evaluate the possible presence of phototrophic sulfide oxidizing bacteria. This 
provides insight if the specific pilot test design promotes the growing of these 
kinds of bacteria, and if this phenomenon can be reproduced in full scale 
treatment. 
 
7. Use different combinations of brine solution. Thompson and McGravey (1953) 
suggest the use of a brine solution with 90% of salt and 10% of sodium 
bicarbonate for water with a pH between 7 and 8. 
 
8. Evaluate the use of other oxidants such an ozone, ferrate, and potassium 
permanganate as an alternative treatment to control hydrogen sulfide.  
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Appendix A: Pilot Column Design  
 
 
Configuration 
  
 
A/R. Air valve 
BRI. Brine valve 
BWE. Backwash effluent 
BWI. Backwash influent 
FRE. Fast rinse/ Brine effluent 
ISO. Isolation valve 
RWI. Raw water influent. 
TWE. Treated water effluent 
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Appendix A: (Continued) 
 
 
 
Figure 30. Anion Exchange Control Panel 
 
 
 
 
 
 
 
 
 
 
 
Main Valve 
RWI 
FRE 
BWI 
ISO 
BWE 
TWE 
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Appendix A: (Continued) 
 
Operating and Regenerating Procedure 
 
1. Service Mode 
  
a) Open Main Valve 
b) Set pressure reduced to 12 – 15 psi 
c) Open RWI 
d) Open ISO 
e) Open TWE. Operate the column between 2 – 8 gph 
f) Close all valves when the run is complete 
 
2. Regeneration mode 
 
a) Backwash 
Close all valves 
Set the pressure reduce to 12 – 15 psi 
Open Main valve 
Open BWI 
Open BWE. Leave open for 10 minutes at 4 gph 
Close BWI and BWE 
 
b) Drain Down 
Open FRE 
Open A/R 
Close FRE when the water level is 3” above the resin  
 
c) Brine 
Open BRI 
 95
Appendix A: (Continued) 
 
Pour diluted brine solution into the funnel  
Open FRE  
Close FRE and leave the resin in contact with the resin for the `   
chose contact time 
Open FRE let the brine drain until brine level is 3” above the resin 
Close BRI 
         
d) Slow Rinse 
Open RWI 
Close A/R once the water come out 
Open FRE. Leave open for 25 minutes at 2 gph 
 
e) Fast Rinse 
Change the flow rate of FRE to 8 gph for 10 minutes 
Close FRE 
Close RWI 
Return to the operating mode 
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Appendix A: (Continued) 
 
Brine Mixing Instructions 
 
 
1. Add three pound of non-iodized salt to 1 gallon of distilled water 
2. Stir the solution 
3. Measure 940 ml of solution in graduated cylinder in plastic recipient 
4. Measure 940 ml of distilled water and add to brine solution 
5. Shake the diluted solution 
6. Pour the diluted solution into the anion exchanger funnel.  
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Appendix B: Summary of Raw Water Quality and Anion Exchange 
 
  
These data correspond to raw water and anion exchange effluent. The data were collected 
between September 1, 2005 and January 26, 2006.  
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Table 17. Raw Water Quality Summary from Well A 
Parameter Median Mean Minimum Maximum Std. Deviation 
Std. 
Error Skewness Kutorsis 
Sample 
variance N 
Sulfide (mg/L as S-)  2.75 2.64 2.03 3.23 0.26 0.05 -0.34 0.23 0.07 30 
Ph 7.41 7.39 6.79 7.55 0.15 0.03 -2.87 9.53 0.02 31 
Temperature (°C) 22.90 23.70 11.70 27.10 2.94 0.53 -2.40 8.50 8.67 31 
DO (mg/L as O2) 1.50 1.49 0.01 6.20 1.77 0.56 2.45 6.94 3.12 10 
ORP, (mV) -202.0 -189.6 -244.0 -137.0 38.53 12.84 0.24 -1.43 1484.7 9 
Sulfate (mg/L as SO42-) 38.90 37.38 26.00 49.70 7.04 1.36 0.23 -1.10 49.60 27 
Chloride (mg/L as Cl-) 17.80 19.72 10.09 44.77 8.26 1.56 2.02 4.77 68.19 28 
Alkalinity (mg/L as 
CaCO3) 
200.00 163.50 100.00 250.00 53.99 11.02 0.11 -1.57 2914.87 24 
Conductivity (µS/cm) 491.00 463.71 341.00 570.00 54.55 9.80 -0.46 -0.23 2975.21 31 
Turbidity (NTU) 0.31 0.32 0.07 1.51 0.33 0.06 2.37 5.84 0.11 31 
A Color (mg/L Pt.Co) 8.00 9.82 0.00 28.00 7.64 2.30 1.34 2.47 58.36 11 
T Color (mg/L Pt.Co) 7.00 5.64 -2.00 14.00 5.01 1.51 -0.15 -0.83 25.05 11 
TOC (mg/L) 2.66 2.78 1.54 6.87 0.84 0.16 4.30 21.55 0.71 29 
UV-254 (cm-1) 0.09 0.13 0.03 1.06 0.19 0.03 4.76 23.97 0.03 30 
Aluminum (mg/L) 0.00 0.00 0.00 0.00 0.00 0.00 2.24 5.00 0.00 5 
Silica (mg/L) 10.50 0.67 7.50 9.98 1.50 8.11 -1.51 2.11 2.26 5 
Copper (mg/L) -0.01 0.00 -0.03 0.07 0.04 0.02 1.00 -0.97 0.00 6 
Calcium (mg/L) 67.44 66.07 59.26 68.64 3.53 1.44 -1.94 3.83 12.44 6 
Magnesium (mg/L) 9.13 8.86 7.46 9.19 0.69 0.28 -2.43 5.92 0.47 6 
Sodium (mg/L) 7.67 0.10 7.27 7.57 0.23 7.28 -0.54 -2.60 0.05 5 
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Table 18. Raw Water Quality Summary from Well B 
Parameter Media Mean Minimum 
Maximu
m 
Std. 
Deviation 
Std. 
Error 
Skewnes
s 
Kutorsi
s 
Sample 
variance N 
Sulfide (mg/L as S-) 1.61 1.64 1.34 2.45 0.22 0.04 1.74 5.33 0.05 27 
pH 7.38 7.35 6.58 7.52 0.17 0.03 -3.74 16.67 0.03 27 
Temperature (°C) 25.10 24.11 11.10 28.30 3.26 0.63 -2.69 9.55 10.65 27 
DO (mg/L as O2) 
-
209.50 
-
207.67 -241.00 -158.00 32.20 13.14 0.51 -0.56 1036.67 6 
ORP (mV) 0.54 0.62 0.00 1.53 0.62 0.20 0.32 -1.76 0.38 10 
Sulfate (mg/L as SO42-) 8.15 7.27 -0.40 18.60 4.44 0.89 4.41 21.26 222.38 25 
Chloride (mg/L as Cl-) 13.94 14.67 10.09 28.44 4.29 0.81 1.39 2.67 18.38 28 
Alkalinity (mg/L as 
CaCO3) 
200.00 180.30 100.00 260.00 52.11 10.03 -0.36 -1.40 2715.37 27 
Conductivity (µS/cm) 449.00 427.33 323.00 520.00 52.83 10.17 -0.56 -0.84 2790.54 27 
Turbidity (NTU) 0.20 0.60 0.07 4.03 0.89 0.17 2.76 8.46 0.79 27 
A Color (mg/L Pt.Co) 9.00 14.55 -1.00 51.00 15.27 4.60 1.72 2.68 233.07 11 
T Color (mg/L Pt.Co) 7.00 8.00 -16.00 44.00 14.09 4.25 1.41 5.22 198.40 11 
TOC (mg/L) 2.65 2.68 1.73 3.46 0.27 0.05 -0.68 6.93 0.07 29 
UV-254 (cm-1) 0.08 0.08 0.07 0.14 0.02 0.00 1.53 3.47 0.00 26 
Aluminum (mg/L) 0.00 0.01 0.00 0.02 0.01 0.00 1.48 1.41 0.00 8 
Silica (mg/L) 9.60 9.64 7.80 11.40 1.47 0.52 0.01 -2.13 2.16 8 
Copper (mg/L) -0.03 -0.04 -0.13 0.02 0.05 0.02 -0.88 0.18 0.00 7 
Calcium (mg/L) 55.57 56.84 50.33 63.45 5.43 1.92 0.23 -1.98 29.51 8 
Magnesium (mg/L) 7.02 7.35 4.05 9.04 1.80 0.68 -0.97 0.80 3.24 7 
Sodium (mg/L) 6.76 0.07 6.71 6.81 0.13 6.49 1.47  0.02 3 
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Table 19. Raw Water Quality Summary from Well C 
Parameter Median Mean Minimum 
Maximu
m 
Std. 
Deviation 
Std. 
Error Skewness 
Kutorsi
s 
Sample 
variance N 
Sulfide (mg/L as S-) 1.02 1.07 0.82 1.51 0.20 0.05 0.74 0.27 0.04 13 
pH 7.39 7.38 7.20 7.63 0.10 0.03 0.31 2.88 0.01 13 
Temperature (°C) 25.30 24.90 23.10 26.80 1.14 0.32 -0.22 -0.88 1.29 13 
DO (mg/L as O2) 0.02 0.00 0.02 0.02  24.21    1 
ORP (mV)           
Sulfate (mg/L as SO42-) 6.40 14.75 0.70 79.00 21.68 6.01 2.58 6.97 470.03 13 
Chloride (mg/L as Cl-) 19.72 24.47 10.09 46.70 11.68 3.24 0.87 -0.53 136.48 13 
Alkalinity (mg/L as 
CaCO3) 
180.0 13.6 120.0 166.0  128.1 -1.04 -0.42 930.00 5 
Conductivity (µS/cm) 397.50 384.58 285.00 502.00 54.85 15.83 0.20 1.43 3008.45 12 
Turbidity (NTU) 0.17 0.53 0.10 3.12 0.89 0.27 2.94 8.99 0.79 11 
A Color (mg/L Pt.Co) 14.00 19.00 12.00 38.00 10.14 4.14 1.75 2.75 102.80 6 
T Color (mg/L Pt.Co) 9.00 2.10 1.00 8.00  2.18 -0.80 0.07 22.00 5 
TOC (mg/L) 2.46 2.37 1.49 2.61 0.32 0.10 -2.78 8.26 0.10 10 
UV-254 (cm-1) 0.09 0.12 0.04 0.38 0.11 0.04 2.52 6.70 0.01 8 
Aluminum (mg/L) 0.00 0.00 0.00 0.00  0.00 0.30 -4.32 0.00 4 
Silica (mg/L) 6.50 0.41 5.80 6.55  5.25 0.10 -5.27 0.67 4 
Copper (mg/L) -0.07 0.02 -0.10 -0.05  -0.12 1.16 0.45 0.00 5 
Calcium (mg/L) 56.27 59.97 51.06 77.50 10.35 4.22 1.18 0.39 107.08 6 
Magnesium (mg/L) 5.65 0.45 4.02 5.62  4.37 -1.05 1.70 1.01 5 
Sodium (mg/L)           
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Table 20. Raw Water Quality Summary from Well D 
Parameter Median Mean Minimum Maximum 
Std. 
Deviation 
Std. 
Error 
Skewnes
s Kutorsis 
Sample 
variance N 
Sulfide (mg/L as S-) 0.93 0.94 0.56 1.23 0.15 0.03 -0.39 0.15 0.02 35 
pH 7.49 7.44 6.03 7.61 0.26 0.05 -5.19 28.58 0.07 33 
Temperature (°C) 24.40 24.21 12.00 27.70 2.66 0.46 -3.03 13.90 7.06 33 
DO (mg/L as O2) 1.39 3.76 0.80 24.90 6.87 1.98 3.14 10.15 47.15 12 
ORP (mV) -150.50 
-
147.9
2 
-232.00 -14.00 67.58 19.51 0.54 -0.48 4567.72 12 
Sulfate (mg/L as 
SO42-) 
1.00 1.08 -0.60 3.20 0.75 0.13 0.86 2.12 0.56 32 
Chloride (mg/L as Cl-
) 13.94 14.62 8.17 21.65 3.91 0.67 0.27 -0.64 15.27 34 
Alkalinity (mg/L as 
CaCO3) 
160.00 147.88 30.00 250.00 47.10 8.33 -0.24 -0.15 2218.82 32 
Conductivity (µS/cm) 397.00 377.48 232.00 454.00 50.49 8.79 -1.49 1.68 2548.76 33 
Turbidity (NTU) 0.17 0.24 0.07 1.25 0.23 0.04 3.22 11.51 0.05 33 
A Color (mg/L Pt.Co) 12.00 12.44 5.00 22.00 6.11 2.04 0.25 -1.47 37.28 9 
T Color (mg/L Pt.Co) 9.00 10.38 2.00 19.00 5.18 1.83 0.15 0.29 26.84 8 
TOC (mg/L) 3.08 3.08 2.79 3.35 0.14 0.02 0.13 0.07 0.02 32 
UV-254 (cm-1) 0.10 0.10 0.04 0.13 0.02 0.00 -1.78 4.79 0.00 31 
Aluminum (mg/L) 0.01 0.00 0.00 0.00 0.00 -0.01 -0.33  0.00 3 
Silica (mg/L) 7.00 1.41 6.10 7.93 2.44 1.88 1.47  5.94 3 
Copper (mg/L) -0.08 0.02 -0.09 -0.06 0.04 -0.11 2.04 4.27 0.00 5 
Calcium (mg/L) 76.39 7.45 48.17 66.45 16.66 45.76 -0.57 -3.27 277.66 5 
Magnesium (mg/L) 5.60 0.32 4.08 5.35 0.72 4.46 -2.11 4.57 0.51 5 
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Table 21. Anion Exchange Data from Well A 
Run 1 1 1 1 1 1 1 1 1 1 
Date 10/28/05 10/28/05 10/28/05 10/28/05 10/28/05 10/28/05 10/28/05 10/28/05 10/28/05 10/28/05 
Volume 1.68 1.75 2.625 1.56 1.56 1.56 3.12 3.12 3.12 3.12 
Accumulate Volume (gal) 1.68 3.43 6.055 7.615 9.175 10.735 13.855 16.975 20.095 23.215 
Flow rate (gph) 3.51 3.51 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 
Sulfide  (mg/L as S-) 1.534 0.635 1.302 0.6 0.43 0.32 0.16 0.17 0.19 0.215 
pH 6.54 6.5 6.45 6.46 6.42 6.43 6.43 6.46 6.54 6.61 
Temperature (°C) 14.2 16.9 19 20.3 22.4 24 24.5 23.2 24 23.4 
ORP (mV)           
DO (mg/L as O2)           
Sulfate (mg/L as SO42-) 0.5 0 0.1 0 0.2 0 0 0 0 0 
Chloride (mg/L as Cl-) 187.34 197.25 177.98 235.78 255.05 216.51 274.31 139.45 235.78 235.78 
Alkalinity (mg/L as CaCO3)           
Conductivity (µS/cm) 529 573 583 629 636 655 701 635 634 614 
Turbidity (NTU) 3.17 0.809 0.52 0.52 0.48 0.401 0.36 0.67 0.39 0.362 
TOC (mg/L) 2.99 2.14 2.81 3.77 0.526 1.09 0.526  0.606 0.541 
UV-254 (cm-1) 0.001 0.034 0.021 0.023 -0.004 0.006 UDL* 0.005 0.017 0.016 
UDL*, Under Detection Limit 
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Table 21. Continued 
Run 2 2 2 2 2 2 2 3 3 3 
Date 10/31/05 11/01/05 11/01/05 11/01/05 11/01/05 11/02/05 11/04/05 12/05/05 12/06/05 12/07/05 
Volume 0 26.28 6.93 10.98 5.49 14.88 43.66 0 61.07 72.05 
Accumulate Volume (gal) 0 26.28 33.21 44.19 49.68 64.56 119.51 0 61.07 133.12 
Flow rate (gph) 2 5.46 5.46 5.46 5.46 5.46  3.82 6.65 6.89 
Sulfide  (mg/L as S-) 0.445 0.185 0.27 0.495 0.74 1.095 1.905 0.205 0.39 0.66 
pH 7.19 6.83 6.79  7.03 7.1 7.43 6.9 7.04 7.31 
Temperature (°C) 24.1 19.4 21.5 22.9 23.5 20.7 22.8 19 21.2 21.9 
ORP (mV)        140 -174 -192 
DO (mg/L as O2)       0.6 2.7 0.03 7.07 
Sulfate (mg/L as SO42-)  0.6    2.4  6.5 0.5 3.8 
Chloride (mg/L as Cl-)  235.78 197.25 120.18 123.76 106.42 71.74 193.12 94.86 52.48 
Alkalinity (mg/L as CaCO3)        230.00 230.00 240.00 
Conductivity (µS/cm)  574 583 584 580 389 524 657 552 506 
Turbidity (NTU)  1.36 1.23 0.994 0.802 0.515 3 17.10 2.28 1.94 
TOC (mg/L) 0.528 0.54 0.651 0.564 0.429  0.498 0.582 0.496  
UV-254 (cm-1) UDL* UDL* 0.045 UDL* UDL* UDL* 0.041 0.0036 0.0136 UDL* 
UDL*, Under Detection Limit 
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Table 22. Anion Exchange Data from Well B 
Run 1 1 1 1 1 2 2 2 2 
Date 11/17/05 11/18/05 11/18/05 11/18/05 11/21/05 11/7/05 11/8/05 11/8/05 11/9/05 
Volume 3.775 53.23 11.325 11.88 39  0.82 0.57 19.2 
Accumulate Volume (gal) 3.775 57.005 68.33 80.21 119.21  0.82 1.39 20.59 
Flow rate (gph) 7.55 7.92 7.92 7.92 7.32  1.37 1.73 5.9 
Sulfide  (mg/L as S-) 0.376 0.029 0.063 0.147 0.842 0.188 0.8 0.995 0.075 
pH 6.36  6.84 6.91 7.26  6.47 6.27 6.38 
Temperature (°C) 25.4 21.5 21.7 23.1 24.8  29.3 28.2 24.1 
ORP (mV)     -200     
DO (mg/L as O2)       0.53 0.03 0.05 
Sulfate (mg/L as SO42-) 0.3 0.3 0.1 1.2 4.8  2.4 6.7 0.5 
Chloride (mg/L as Cl-) 173.85 177.71 102.57 94.86 23.58  166.15 171.93 162.29 
Alkalinity (mg/L as CaCO3) 260 260 285 250 165  150 140 160 
Conductivity (µS/cm) 669 524 520 526 511  760 668 587 
Turbidity (NTU) 0.449 0.249 0.184 0.308 2.04  7.97 2.49 0.087 
TOC (mg/L) 0.929 0.415 0.54 0.502 0.565  1.92 0.488 0.462 
UV-254 (cm-1) 0.0146 0.0034 0.0096 0.0034 0.006  0.0162 0.012 0.008 
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Table 22. Continued 
Run 2 2 2 2 2 2 3 3 3 
Date 11/9/05 11/10/05 11/11/05 11/12/05 11/14/05 11/16/05 9/30/05 10/3/05 10/5/05 
Volume 2.6 32.09 43.71 45 105.46 141.09 30 123 206 
Accumulate Volume (gal) 23.19 55.28 98.99 143.99 249.45 390.54 30 153 359 
Flow rate (gph) 1.57 2.37 3.28 3.47 3.28 3.28  2.39 3.74 
Sulfide  (mg/L as S-) 0.074 0.145 0.074 0.046 0.149 1.415 0.068 0.674 0.74 
pH 6.57 6.84 7 7.2 7.42 7.31 7.16 6.72 6.91 
Temperature (°C) 23.5 21.9 22.1 23.2 22.8 25.9 30.6 11.5 18.7 
ORP (mV)          
DO (mg/L as O2) 0.04 0 0 0.16 0     
Sulfate (mg/L as SO42-)  1  0.3 1.6 9.4 3.5 3.4 2.3 
Chloride (mg/L as Cl-)  158.44 69.82 60.18 21.65 21.65 56.33 21.65 21.65 
Alkalinity (mg/L as CaCO3)  150 135 100 225 250 84 106 116 
Conductivity (µS/cm) 557 522 496 472 445 483 368 421 412 
Turbidity (NTU) 0.185 0.212 0.157 0.542 0.57 0.457 0.516 0.23 0.378 
TOC (mg/L)  0.496 0.422 0.477 0.52 0.681 0.691 0.564 3.46 
UV-254 (cm-1)  0.0056 0.0108 0.0084 0.0096 0.0064 UDL* 0.017 0.012 
UDL*, Under Detection Limit 
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Table 23. Anion Exchange Data from Well C 
Run 1 1 1 1 1 1 1 1 1 1 
Date 10/14/05 10/14/05 10/14/05 10/14/05 10/14/05 10/14/05 10/14/05 10/14/05 10/14/05 10/28/05 
Volume (gal) 0          
Accumulate Volume (gal) 0 0.55 1.1 1.65 2.2 2.75 3.3 4.4 6.6 6.6 
Flow rate (gph) 6.79 6.79 6.79 6.79 6.79 6.79 6.79 6.79 6.79 7.09 
Sulfide  (mg/L as S-) 0.269 0.378 0.424 0.402 0.34 0.348 0.318 0.261 0.152 0.379 
pH 6.21 6.26 6.31 6.32 6.28 6.26 6.23 6.18 6.26 6.94 
Temperature (°C)          23.9 
ORP (mV)           
DO (mg/L as O2)           
Sulfate (mg/L as SO42-)          1 
Chloride (mg/L as Cl-)          143.03 
Alkalinity (mg/L as CaCO3)           
Conductivity (µS/cm)          796 
Turbidity (NTU)          0.107 
TOC (mg/L)          0.771 
UV-254 (cm-1)          0.038 
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Table 23. Continued 
Run 1 1 1 1 1 1 1 1 1 1 
Date 10/28/05 10/28/05 10/28/05 10/28/05 10/28/05 10/28/05 10/28/05 10/28/05 10/28/05 10/28/05 
Volume (gal) 3.68 1.23 1.84 0.61 0.61 1.80 2.45 2.45 3.07 3.07 
Accumulate Volume (gal) 10.28 11.51 13.35 13.96 17.03 18.83 21.28 23.73 26.80 29.87 
Flow rate (gph) 7.09 7.09 7.09 7.09 7.09 7.09 7.09 7.09 7.09 7.09 
Sulfide  (mg/L as S-) 0.372 0.248 0.151 0.108 0.073 0.064 0.041 0.036 0.025 0.039 
pH 6.62 6.27 6.29 6.2 6.16 6.19 6.2 6.3 6.36 6.45 
Temperature (°C) 22 22.9 22.5 22.9 23.5 23 24.6 25 23.9 24.3 
ORP (mV)           
DO (mg/L as O2)           
Sulfate (mg/L as SO42-)  15  14 54  39 12 7 28 
Chloride (mg/L as Cl-)  125.69  143.03 162.29  121.83 148.81 135.32 133.39 
Alkalinity (mg/L as CaCO3)           
Conductivity (µS/cm) 504 522 506 518 516 524 536 533 522 522 
Turbidity (NTU)  0.186  0.125 0.139  0.171 0.167 0.091 0.086 
TOC (mg/L)  0.632 0.559 0.494    0.527  0.405 
UV-254 (cm-1)  0.028 0.028 0.017    0.058  0.068 
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Table 23. Continued 
Run 1 1 1 1 1 2 2 2 2 2 
Date 10/28/05 10/28/05 10/28/05 10/28/05 10/29/05 10/31/05 11/1/05 11/1/05 11/2/05 11/3/05 
Volume (gal) 3.07 3.07 4.02 4.91 110 0 27.42 6.09 53.06 26.88 
Accumulate Volume (gal) 32.93 39.07 43.09 48.00 158.00 0.00 27.42 33.51 86.57 113.45 
Flow rate (gph) 7.09 7.09 7.09 7.09 6.89 2.61 2.40 6.09 2.38 2.49 
Sulfide  (mg/L as S-) 0.042 0.042 0.055 0.059 1.09 0.023 0.027 0.07 0.365 0.365 
pH 6.53 6.79 7.02 7.02 7.35 6.74 6.6  7.1 7.34 
Temperature (°C) 24.6 26 26 24.9 22 24 23.9  24.4 21.4 
ORP (mV)           
DO (mg/L as O2)           
Sulfate (mg/L as SO42-) 79 28 79 76 3  35  1.3 20 
Chloride (mg/L as Cl-) 125.69 129.54 110.27 98.72 37.06  137.25  83.30 75.60 
Alkalinity (mg/L as CaCO3)           
Conductivity (µS/cm) 519 525 518 501 410  486  310 416 
Turbidity (NTU) 0.096 0.114 0.124 0.096 0.395  0.259 0.453 0.284 0.069 
TOC (mg/L) 0.397 0.388 0.98 0.998 0.42 0.556   0.498 1.97 
UV-254 (cm-1) 0.047 0.023 0.114 0.04  UDL*   UDL* UDL* 
    UDL*, Under Detection Limit 
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Table 23. Continued 
Run 2 
Date 11/4/05 
Volume (gal) 53.47 
Accumulate Volume (gal) 166.92 
Flow rate (gph) 2.42 
Sulfide  (mg/L as S-) 0.574 
pH 7.35 
Temperature (°C) 21.5 
ORP (mV)  
DO (mg/L as O2) 0 
Sulfate (mg/L as SO42-) 14 
Chloride (mg/L as Cl-) 37.06 
Alkalinity (mg/L as CaCO3)  
Conductivity (µS/cm) 392 
Turbidity (NTU) 0.054 
TOC (mg/L) 0.431 
UV-254 (cm-1) 0.02 
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Table 24. Anion Exchange Data from Well D 
Run 1 1 1 1 1 1 2 2 2 2 
Date 9/16/05 9/17/05 9/18/05 9/19/05 9/20/05 9/21/05 10/13/05 10/14/05 10/15/05 10/17/05 
Volume (gal)  30 25.74 30.64 30.00 29.36 0 150 150 328 
Accumulate Volume (gal)  30 55.74 86.38 116.38 145.74  150 300 628 
Flow rate (gph)        7.43 7.99 7.43 
Sulfide  (mg/L as S-) 0.049 0.03 0.166 0.381 0.462 0.571 0.181 0.839 0.8225 0.842 
pH  6.51 6.79 7.02 7.23  6.63 7.32 7.5 7.52 
Temperature (°C)  26.7 30.6 26.1 31  32.4 27.7 24.1 24.5 
ORP (mV)           
DO (mg/L as O2)           
Sulfate (mg/L as SO42-)  0.4 1  0.5  1.4 0.4 3.8 0 
Chloride (mg/L as Cl-)  123.76 102.57  58.26  141.10 40.92 17.80 17.80 
Alkalinity (mg/L as CaCO3)  50 70 50 70  70 160 200 180 
Conductivity (µS/cm)  352 380 378 362  415 469 405 410 
Turbidity (NTU)  0.062 0.131 0.117 0.159  0.9 0.09 0.213 0.073 
A Color  (mg/L Pt.Co)  -2 6 -1 1      
T Color  (mg/L Pt.Co)  -1 2 -1 -3      
TOC (mg/L)  0.392 0.407 0.376 0.478  3.26 0.915 0.488 0.709 
UV-254 (cm-1)  UDL* 0.014 UDL* 0.006  UDL* UDL* UDL* 0.04 
UDL*, Under Detection Limit 
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Table 24. Continued 
Run 3 3 3 3 3 4 4 4 4 4 
Date 12/7/05 12/8/05 12/9/05 12/10/05 12/12/05 1/17/06 1/18/06 1/19/06 1/20/06 1/23/06 
Volume (gal) 0 0 60.22 83.79 128.92 0 64.13 63.55 74.14 244.91 
Accumulate Volume (gal) 0 0 60.22 144.01 272.93 0 64.13 127.68 201.82 446.73 
Flow rate (gph) 3.14 5.23 5.22 5.03 5.11 2.76 2.98 3.25 3.6  
Sulfide  (mg/L as S-) 0 0 0.02 0.002 0.855 0.241 0.012 0.057 0 0.751 
pH 7.14 6.74  7.19 7.55 6.55 6.43 7.05 7.36 7.43 
Temperature (°C) 20.3 22.9 23.8 21.2 22 24.3 22.1 17.7 19.2 23.4 
ORP (mV) 13.29 8.2 0.7 2.15 2.35 0.82 2.09 2.51 1.72 1.68 
DO (mg/L as O2) 2 97 137 4 -187 -163 8 -8 114 -108 
Sulfate (mg/L as SO42-) 0.7 0.5 1.1 1.6 0.7 0 0 2.1 0.9 1.6 
Chloride (mg/L as Cl-) 135.32 131.47 110.27 52.48 15.87 225.87 114.13 133.39 131.47 15.87 
Alkalinity (mg/L as CaCO3) 200 220 180 160 30 150 55 90 105 170 
Conductivity (µS/cm) 510 509 487 417 384 582 465 387 413 395 
Turbidity (NTU) 0.095 0.079 0.088 0.063 0.071 0.129 0.137 0.124 0.133 0.187 
A Color  (mg/L Pt.Co)           
T Color  (mg/L Pt.Co)           
TOC (mg/L)  0.699 0.434 0.434  0.838 0.426 0.427 0.428 0.514 
UV-254 (cm-1) UDL*  0.009 UDL* 0.014 0.0082 0.001 UDL* UDL* 0.0018 
UDL*, Under Detection Limit 
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Table 25. Chlorine Demand Test for Raw Water from Well A 
Date 12/9/2005 12/11/2005 
Sulfide  (mg/L as S-) 2.65 2.74 
pH 7.43 7.46 
Temperature (°C) 22.4 20.7 
DO (mV) 0.60 1.53 
ORP (mg/L as O2) -184 -202 
Sulfate (mg/L as SO42-) 29.5 29.8 
Chloride (mg/L as Cl-) 15.87 12.02 
Alkalinity (mg/L as CaCO3) 110 200 
Conductivity (µS/cm) 465 441 
Turbidity (NTU) 0.754 0.198 
TOC (mg/L) 2.59 2.68 
UV-254 (cm-1) 0.134 0.115 
Stock Concentration (mg/L as Cl2) 5000 5100 
Contact Time (min) 30 30 
Chlorine Concentration (mg/L as Cl2) 30 30 
Volume added (mL) 1.76 1.76 
Total Chlorine A (mg/L as Cl2) 12.2 12.5 
Total Chlorine B (mg/L as Cl2) 13 14 
Chlorine Demand A (mg/L as Cl2) 17.8 17.5 
Chlorine Demand B (mg/L as Cl2) 17 16 
Average Chlorine Demand (mg/L as Cl2) 17.4 16.75 
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Table 26. Chlorine Demand Test for Anion Exchange Effluent from Well A 
Date 12/9/2005 12/11/2005 
Sulfide  (mg/L as S-) 0.149 0.027 
pH 6.52 6.99 
Temperature (°C) 22.4 18 
DO (mV) 0.46 0.83 
ORP (mg/L as O2) 176 164 
Sulfate (mg/L as SO42-) 0.3 1.9 
Chloride (mg/L as Cl-) 177.71 150.73 
Alkalinity (mg/L as CaCO3) 110 170 
Conductivity (µS/cm) 623 500 
Turbidity (NTU) 1.65 9.83 
TOC (mg/L) 0.467 0.541 
UV-254 (cm-1) 0.008 0.008 
Stock Concentration (mg/L as Cl2) 5000 5100 
Contact Time (min) 30 30 
Chlorine Concentration (mg/L as Cl2) 10 10 
Volume added (mL) 0.60 0.58 
Total Chlorine A (mg/L as Cl2) 6.2 7 
Total Chlorine B (mg/L as Cl2) 7.4 6.5 
Chlorine Demand A (mg/L as Cl2) 3.8 3 
Chlorine Demand B (mg/L as Cl2) 2.6 3.5 
Average Chlorine Demand (mg/L as Cl2) 3.2 3.25 
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Table 27. Chlorine Demand Test for Raw Water from Well B 
Date 12/11/2005 1/18/2006 
Sulfide  (mg/L as S-) 1.675 1.475 
pH 7.26 7.32 
Temperature (°C) 18.5 21.8 
DO (mV) 1.53 1.37 
ORP (mg/L as O2) -187 -241 
Sulfate (mg/L as SO42-) 6.9 6.7 
Chloride (mg/L as Cl-) 15.87 17.80 
Alkalinity (mg/L as CaCO3) 210 110 
Conductivity (µS/cm) 409 460 
Turbidity (NTU) 0.23 1.24 
TOC (mg/L) 2.65 2.64 
UV-254 (cm-1) 0.137 0.0914 
Stock Concentration (mg/L as Cl2) 5100 4200 
Contact Time (min) 30 30 
Chlorine Concentration (mg/L as Cl2) 30 30 
Volume added (mL) 1.76 2.11 
Total Chlorine A (mg/L as Cl2) 17.5 13 
Total Chlorine B (mg/L as Cl2) 17 15.5 
Chlorine Demand A (mg/L as Cl2) 12.5 17 
Chlorine Demand B (mg/L as Cl2) 13 14.5 
Average Chlorine Demand (mg/L as Cl2) 12.75 15.75 
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Table 28. Chlorine Demand Test for Anion Exchange Effluent from Well B 
Date 12/11/2005 1/18/2006 
Sulfide  (mg/L as S-) 0.021 UDL* 
pH 7.42 6.84 
Temperature (°C) 16.4 19.7 
DO (mV) 0.97 177 
ORP (mg/L as O2) 158 7.8 
Sulfate (mg/L as SO42-) 1.9 0 
Chloride (mg/L as Cl-) 131.47 119.91 
Alkalinity (mg/L as CaCO3) 170 40 
Conductivity (mS/cm) 494 518 
Turbidity (NTU) 2.02 0.969 
TOC (mg/L) 0.461 0.47 
UV-254 (cm-1) 0.009 UDL* 
Stock Concentration (mg/L as Cl2) 5100 4200 
Contact Time (min) 30 30 
Chlorine Concentration (mg/L as Cl2) 10 10 
Volume added (mL) 0.58 0.7 
Total Chlorine A (mg/L as Cl2) 7 7.6 
Total Chlorine B (mg/L as Cl2) 7.5 6 
Chlorine Demand A (mg/L as Cl2) 3 2.4 
Chlorine Demand B (mg/L as Cl2) 2.5 4 
Average Chlorine Demand (mg/L as Cl2) 2.75 3.2 
UDL*, Under Detection Limit 
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Table 29. Chlorine Demand Test for Raw Water from Well D 
Date 1/20/2006 1/26/2006 
Sulfide  (mg/L as S-) 0.995 1.08 
pH 7.49 7.49 
Temperature (°C) 22.7 21.6 
DO (mV) 1.14 1.25 
ORP (mg/L as O2) -112 -113 
Sulfate (mg/L as SO42-) 0.3 1 
Chloride (mg/L as Cl-) 13.94 15.87 
Alkalinity (mg/L as CaCO3) 100 110 
Conductivity (mS/cm) 394 380 
Turbidity (NTU) 0.223 0.174 
TOC (mg/L) 3.12 3.35 
UV-254 (cm-1) 0.0974 0.086 
Stock Concentration (mg/L as Cl2) 4200 4200 
Contact Time (min) 30 30 
Chlorine Concentration (mg/L as Cl2) 30 30 
Volume added (mL) 2.11 2.11 
Total Chlorine A (mg/L as Cl2) 18.48 20.24 
Total Chlorine B (mg/L as Cl2) 17.8 20.28 
Chlorine Demand A (mg/L as Cl2) 11.52 9.76 
Chlorine Demand B (mg/L as Cl2) 12.2 9.72 
Average Chlorine Demand (mg/L as Cl2) 11.86 9.74 
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Table 30. Chlorine Demand Test for Anion Exchange Effluent from Well D 
Date 1/20/2006 1/26/2006 
Sulfide  (mg/L as S-) UDL* 0.065 
pH 7.36 7.16 
Temperature (°C) 19.2 17.5 
DO (mV) 1.72 2 
ORP (mg/L as O2) 114 -6 
Sulfate (mg/L as SO42-) 0.9 0.9 
Chloride (mg/L as Cl-) 131.47 73.67 
Alkalinity (mg/L as CaCO3) 105 55 
Conductivity (µS/cm) 413 401 
Turbidity (NTU) 0.133 0.065 
TOC (mg/L) 0.428 0.405 
UV-254 (cm-1) UDL* UDL* 
Stock Concentration (mg/L as Cl2) 4200 4200 
Contact Time (min) 30 30 
Chlorine Concentration (mg/L as Cl2) 10 10 
Volume added (mL) 0.7 0.7 
Total Chlorine A (mg/L as Cl2) 8.42 7.38 
Total Chlorine B (mg/L as Cl2) 8.44 7.9 
Chlorine Demand A (mg/L as Cl2) 1.58 2.62 
Chlorine Demand B (mg/L as Cl2) 1.56 2.1 
Average Chlorine Demand (mg/L as Cl2) 1.57 2.36 
UDL*, Under Detection Limit 
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